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ABSTRACT 
 
The performance of the von Neumann computer was greatly improved by 
miniaturizing transistors and increasing the density according to Moore's Law. 
However, in recent years, the maximum permissible number of CPU transistors 
has remained constant, and further performance improvements have not been 
possible. In today's nanoscale era, scaling to smaller sizes represents a major 
challenge in device manufacturing, circuit, and system design and integration. 
On the other hand, nanoscale technology has the potential to develop new 
materials and devices with unique properties. Memristors exhibit nonlinear 
current-voltage characteristics and have unique memory characteristics. That is, 
such a new nanoscale device whose current state depends on the past. It has the 
potential to create new computing paradigms for both non-linear and memory 
characteristics of Memristors. The purpose of this paper is to investigate the 
possibility of using wet chemical synthesis and Ag-Ag2S core-shell 
nanoparticles to develop a new computing paradigm called “Reservoir 
Computing” (RC) which belong to such a new paradigm. However, it differs 
from the traditional Recurrent Neural Network (RNN) method in that the pre-
processor (ie, the reservoir) is composed of nonlinear elements that are randomly 
connected repeatedly. This greatly reduces the complexity of learning. 
In this thesis, we reported RC devices with low power consumption. The 
synthesis conditions of Ag-Ag2S core-shell nanoparticles operating at low 
voltage were searched. Next, synthesis parameters such as Ag / S molar ratio 
were examined, to control the particle size. We confirmed that the nanoparticle 
agglomerates have nonlinear electrical conductivity necessary for the 
development of RC computations, such as constantly exhibiting hysteresis in the 
current-voltage (I-V) curve, and investigated other conditions necessary for RC 
hardware. Since the linear regression of the output channel was trained to fit the 
target waveform, the potential of the nanoparticle-based RC device was shown. 
Keywords: Reservoir computing, Ag-Ag2S core-shell nanoparticles, Brust-
Schiffrin, memristive behavior  
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CHAPTER 1 
Introduction and Literature Review 
 
1.1. General introduction 
This chapter provides the background, motivation and based knowledge 
gathered from literature as guidance on assessing and evaluating the work results. 
Here, the theory of neuromorphic device including the framework of reservoir 
computing, memristor, and synthesis of Ag-Ag2S nanoparticles were presented. 
The advantages of using nanoscale material and the synthesis process will be 
reviewed as well focusing on nanoparticles. As wet chemical reaction, such as 
two-phase synthesis of Brust-Schiffrin procedure is the main method used in this 
work for nanoparticles fabrication, and several factors affecting in the technique 
will be reviewed in here as well.  
 
1.2. Neuromorphic computing 
The performance of the von Neumann computer has improved considerably 
according to Moore's law that shows that the transistor density of a chip can be 
increased by downsizing. However, in recent year, the highest allowable number 
of transistors on a chip has remained constant and has thus failed to solve 
complex problems. At the same time, the progress in the development artificial 
neural network required new platform of chip to support it with high power 
efficiency. To overcome such problems, one proposed neuromorphic computing. 
The phrase “neuromorphic” was firstly introduced in 1990 by a legendary 
Caltech researcher, Carver Mead1). He proposed the design of integrated circuits 
(IC) to mimic the organization of living neuron cells, mostly for brain simulation 
purposes. Recently, the term has taken on a much more specific meaning, to 
denote a branch of neural network research that has diverged significantly from 
the orthodoxy of convolutional deep-learning networks, such as analog, digital, 
mixed-mode analog/digital very-large-scale integration (VLSI) and software 
systems that implement models of neural systems (for perception, motor control, 
or multisensory integration). A key aspect of neuromorphic engineering is 
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understanding how the morphology of individual neurons, circuits, applications, 
and overall architectures creates desirable computations, affects how 
information is represented, influences robustness to damage, incorporates 
learning and development, adapts to local change (plasticity), and facilitates 
evolutionary change.  
Neuromorphic systems have undergone rapid development in the past two 
decades, with the introduction of a large variety of designs, implementation 
methodologies, and prototype chips. The rapid and exponential growth of 
modern electronics has brought about profound changes to our daily lives. 
However, maintaining this trend is becoming more and more difficult at both 
fundamental and practical levels.2)  
The human brain has an excellent capacity for computational performance 
compared to a supercomputer, due to its ability for high signal processing speed 
and low power consumption in a high packing density3). In a neural network, 
synapses, which are small gaps between neurons that directly transmit a signal, 
play a role of analog logic, memory, and learning, and operate at less than 1 
nW4,5). The function of synapses in a neural network is to transfer electric activity 
from one nerve cell to another nerve or muscle cell, from presynaptic to 
postsynaptic neurons6). This mechanism can be implemented to an electronic 
device, which would theoretically allow us to duplicate the fundamental 
functions of biological synapses and mimic the workings of the brain7). 
A new concept, called artificial neural networks (ANNs)8) in composite 
materials, was studied by combining it with other artificial intelligence tools, 
such as expert system, genetic algorithm, and fuzzy logic9). Recently, ANN 
models have been widely applied in material science10) as they can be utilized as 
an alternative in electronic circuits owing to their unique properties11). There are 
many works in the literature pertaining to neuromorphic systems, devices, and 
circuits1), and one of them are called reservoir computing as depicted in figure 
1.1. 
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Figure 1.1 Historical timeline of neuroscience and psychology and the 
influence of the fields on neuromorphic and neural-inspired algorithms and 
hardware research12) [Open Access article, free permission to reuse] 
  
1.3. Reservoir computing 
Reservoir computing is a new paradigm of computing that suited for 
temporal/sequential data processing. It is derived from several recurrent neural 
network (RNN) models, including echo state networks (ESN) and liquid state 
machines (LSM). A reservoir computing system consists of a reservoir for 
mapping inputs into a high-dimensional space and a readout for pattern analysis 
from the high-dimensional states in the reservoir. The reservoir is fixed and only 
the readout is trained with a simple method such as linear regression and 
classification. Thus, the major advantage of reservoir computing compared to 
other recurrent neural networks is fast learning, resulting in low training cost. 
Another advantage is that the reservoir without adaptive updating is amenable to 
hardware implementation using a variety of physical systems, substrates, and 
devices. In fact, such physical reservoir computing has attracted increasing 
attention in diverse fields of research. 
17 
 
 
Figure 1.2 Comparison between feedforward neural network and reservoir 
computing. Compared to general recurrent neural networks, there are no 
synaptic weighting elements in the network of hidden nodes. 
 
To achieve such computing hardware, several following requirements are 
required to efficiently solve computational tasks:  
(i) High dimensionality, which facilitates the separation of originally 
inseparable inputs in classification tasks and allows reading out 
spatiotemporal dependencies of inputs in prediction tasks, is necessary to 
map inputs into a high-dimensional space. Here, the dimensionality is 
related to the number of independent output signals obtained from the 
reservoir.  
(ii) Nonlinearity is necessary for a reservoir to operate as a nonlinear mapping. 
This property allows inputs that are not linearly separable to be 
transformed into those that are linearly separable in classification tasks. 
In device level, this requirement can be translated into relationship 
between input and output of electrical properties. 
(iii) Fading memory (or short-term memory)13) is necessary to ensure that the 
reservoir state is dependent on recent-past inputs but independent of 
distant-past inputs. It is also referred to as the echo state property, 
indicating that the influence of past inputs on the current reservoir states 
and outputs asymptotically fades out14). Such a property is particularly 
18 
 
important for representing sequential data with short-term dependencies. 
In device level, such properties can be confirmed by shifting / delaying of 
output reservoir as compared to input signals. 
(iv) Separation property is required to separate the responses of a reservoir to 
distinct signals into different classes. On the other hand, a reservoir should 
be insensitive to unessential small fluctuations, such as noise, so that 
similar inputs are classified into the same class. Therefore, when a system 
parameter variation causes a transition between non-chaotic and chaotic 
regimes, it is often recommended that the parameter be set close to the 
transition point (the so-called edge of chaos)15) where the transformation 
by a reservoir is neither very expanding nor very contracting. 
 
1.4. Memristor 
To resemble learning ability and memorization, it is necessary that the device 
exhibit switching and memory behavior simultaneously, which is called a 
memristor. Memristors or “memory resistors”, are basically a fourth class of 
fundamental passive circuit element, which works as a resistor and, at the same 
time, has a memory effect. It was proposed theoretically by Chua16) in 1971 and 
demonstrated for the first time by Hewlett-Packard (HP) Laboratory researchers 
while developing crossbar-based ultrahigh-density nonvolatile memories in 
2008 using a TiO2 thin film as an ionic conductive material and sandwiched by 
Pt electrodes17). In the operation of this device, the I-V characteristics exhibit 
hysteresis indicating memory effect (resistive memory), and the doping area 
plays an important role as a state variable, which determines the switching state 
(resistive switch), i.e. high-resistance state (HRS or OFF state) and low-
resistance state (LRS or ON state). Their work initiated the finding of new 
material and device architectures that have a memristive effect, such as NiO18), 
WO319), ZrO220), ZnO21), HfO222), TaO223), TiO224), BiFeO325), SrTiO326), ZnSO327), 
and LiNbO328). Besides, there were also reports on memristors using hybrid 
materials, such as CuO/ZnO29) and HfO2/TiO230). Recent work of memristor-
based metal oxide material itself is summarized in Table 1.1. 
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Table 1.1 Summary of recent work on memristor-based metal oxide materials 
Device Structure 
On/Off 
Ratio 
Retention 
Characteristics 
Tested 
Switching 
Endurance 
(cycles) 
Reference # 
Cu/NiOy/NiOx/Pt 103 104 s 1500 18) 
Cu/NiO/Ta/Pt ~107 10 years 150 40) 
ITO/WO3/ITO 10 2×104 s 320 19) 
Al/WO3/Pt ~50 3×104 s 200 41) 
Cu/WO3/Pt ~10 3×104 s 150 41) 
Pt/WO3/Pt ~100 3×104 s 50 41) 
Cu/WO3-x/ITO 105 5 ×105 s 1000 42) 
Pt/ZrO2/Pt 162 104 s 200 20) 
Cu/ZrO2/Pt 30 104 s 50 20) 
Ti/ZrO2/Pt 104 - 100 43) 
ITO/ZrO2/ITO ~7 103 s 150 44) 
TiN/ZrO2-x/ZrO2/TiN 40 104 s 50 45) 
Al/ZnO/Al 54.8 - 5 46) 
Al/ZnO1-x/ZnO/Al 4.8 - 5 46) 
Ag/ZnO/Pt 107 107 s 100 47) 
Ti/ZnO/Pt 100 - 1000 48) 
Al/ZnO/Pt 104 105 s 300 49) 
TiN/Si:HfO2/HfO2-x/TiN 105 105 s 2000 50) 
Ta/HfO2/Pt ~100 10 years 1011 51) 
TiN/HfO2/Pt ~ 15 104 s 1000 52) 
Pt/HfO2/HfO2-x/TiN 1000 - 100 53) 
Pt/Ti/HfO2/Pt 100 3×103 s 50 54) 
Pt/Ta2O5/TaO2/Pt 106 10 years 1000 23) 
Pt/Ti/TaOx/Pt 65 104 120 54) 
Pt/Ta/TaOx/Pt ~100 - 1000 55) 
ITO/TaOx/NiOx/Al ~10 106 s 200 56) 
Pt/TiOx/Pt ~1.2 - 8000 24) 
Pt/TiO2/Pt 2 5×104 s 83 57) 
Pt/HfO2/TiO2/ITO ~100 104 s 100 58) 
Al/TiO2 NWs/TiO2-x/Al 70 104 s 60 59) 
Pt/HfO2/TiO2/HfO2/Pt 105 104 s 200 60) 
Pt/HfO2/TiO2/HfO2/TiN 102 104 s 200 60) 
Ti/TiO2/ZnO/Pt 67 104 s 1000 48) 
ZnO/BaTiO3/ZnO 0.38 103 s 70 64) 
Al2O3/ZnO/Al2O3 ~100 104 s 10 62) 
Pt/CuO/ZnO/Pt 102 - 100 29) 
Ag/CuO/ZnO/Pt 103 - 100 29) 
Ag/CoOx/Ag 6.4 - 1000 63) 
Cu/HfO2/TiO2/Pt 10 103 s 1000 30) 
Pt/NiOx/TiO2/FTO 102 104 100 64) 
Pt/Ti/Ta2O5/HfO2/Pt 650 2×103 s 50 54) 
Pt/BiFeO3/Pt ~100 2×103 s 50 25) 
Pt/Ti/Nb:a-STOx/Pt ~103 105 s 100 65) 
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Ag/PVOH-ZnSnO3/Ag 165 36 h 500 27) 
ITO/ZrO2/AlON/ITO 10 104 s 10000 44) 
Cu/ZrO2/TiZrON/TiN/Pt 38 105 s 100 66) 
Cu/TiW/TiWO/ZrO2/TiZ
rON/TiN 
58 105 s 100 66) 
 
To imitate the learning and memorization processes inside the human brain, 
new materials as well as architectures exhibiting memristive behavior, such as 
resistive random access memories (RRAM) and transistors, were needed. D. O. 
Hebb, who was a researcher in the fields of anatomy and physiology, found that 
the learning process is led by changes in the synaptic strength, which is spike 
timing-dependent, and later called spike timing dependent plasticity (STDP).31) 
One example of the learning process is memorization. The process of 
memorization inside the human brain begins from receiving the information 
from an external environment, which is then stored as a sensory memory (SM) 
in a sensory register. This process is characterized by synaptic enhancement 
called short-term plasticity (STP). After a very short period of time and rehearsal, 
the information is then selected and transferred from the short-term memory 
(STM) in the short-term store, to the long-term memory (LTM) in the long-term 
store. This process is characterized by an increase in synaptic response, followed 
by the potentiating pulse of electrical stimuli called long-term potentiation (LTP). 
In terms of device, a synaptic-like device can be obtained using a two-terminal-
based device structure. However, by applying a pulse of bias voltage to the 
device, the temporal/permanent enhancement of conductance was obtained, 
showing the characteristics of STP/LTP that resembles a biological synapse 
system.  
 
1.5. Memristror-based neuromorphic device 
The biological brain based modeling of computing systems refers to 
neuromorphic analysis for neural architectures.32) Such neuromorphic device 
engineering can be extremely effective compared with conventional 
semiconductor devices for solving complex tasks, such as image recognition, 
multi object detection, and visual signal classification.33) Computing architecture 
21 
 
is very important in intelligence systems, decision making, or context 
recognition. Despite the rapid development in technology for the past two 
decades, conventional ANN has significant hardware redundancy, which results 
in limited functionality8). Various materials are widely used in the fabrication 
and development of neuromorphic devices due to their purported properties in 
electronic circuits34). To further compress this study, we report the recent 
fabrication of memristor-based neuromorphic devices using metal oxides and 
atomic-switch-based neuromorphic devices. 
1.5.1. Metal-oxides  
Advances in electronic devices based on metal oxide materials have been 
extensively utilized in the past decades. Metal oxide is considered as a promising 
material, which offers low power consumption35), high packing density36), 
capability of down scaling37), simple fabrication38), and good compatibility with 
silicon technology39). As we discussed in previously, a milestone prototype of 
oxide memristors was reported by Strukov et al. using a TiO2-based material, to 
accommodate the postulation of Chuo et al. about a fourth circuit element in 
197116). A theory explaining the hysteresis of an I-V curve in nanoscale 
electronic devices was reported. In this section, the switching mechanism, device 
fabrication, and their application in neuromorphic devices are discussed. 
 
Figure 1.3 switching mechanism of memristors based on metal oxide: (a) anion 
and (b) cation diffusions. 
22 
 
Resistive switching based on metal oxide occurs owing to ionic diffusion and 
joule heating67,68). The first mechanism involves ionic migration, where the 
conductance is strengthened/depressed by applying biases. There are two types 
of ionic mechanism: cation and/or anion diffusion29), which depends on the 
material used in the system. When both electrodes are inert, generally two thin 
oxide layers are used, with one of the layers rich in oxygen vacancies. Here, the 
difference in the amount of oxygen in the oxide layers causes the movement of 
oxygen ions (anions) through a diffusion process. The process is illustrated in 
figure 1.3(a). As a positive bias is applied to the system, oxygen ions move to 
the negative bias voltage and more oxygen vacancies are created. These oxygen 
vacancies then act as charge carriers and will be occupied by electrons that are 
generated by the electric field. This vacant site then forms a path to electron to 
move freely, resulting in conductance increases and conductive filament 
formation (electroforming), making the device turn ON (SET). Qian et al. have 
reported the direct observation of this conductive filament by transmission 
electron microscopy (TEM) in their WO3 work19) as well as Celano et al. using 
conductive atomic force microscopy (AFM)69). In the same way, the applied 
negative bias will push back the oxygen ions to recombine with the oxygen 
vacancy, inhibit the conductance and turn OFF (RESET) the device. In a similar 
way, the switching mechanism through cation diffusion takes places through 
electrochemical metallization, which generally occurs when one of the 
electrodes is not inert, as illustrated in figure 1.3(b). The noninert electrode acts 
as the anode/active component for the formation of a conductive filament. Under 
positive bias, the metal (M) is oxidized (M → Mn+ + ne- ) and the ions are drifted 
to the cathode and directly reduced to the M atom again to develop a conducting 
filament. In the reset process, the filaments become very thin with the increase 
of negative voltage and the conducting filament is completely ruptured. The 
second mechanism is about the thermal effect during electroforming process. 
The applied electric field also generates joule heating70,71), and the heat released 
is nonuniform and depends on the injected charge itself. As the current is applied, 
the ions drift forming a path of electrons to move and lead to the formation of a 
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conductive filament. At the same time, voltage triggered the collision of 
electrons and may change the structure of the material, and a new boundary 
condition may inhibit the formation of the filament. Therefore, this heat impacts 
on the ionization and Schottky barriers71). Furthermore, joule heating affects the 
resistance state of the material and is also responsible for the switching 
mechanism. 
In terms of neuromorphic device application, the suitability of the AlOx 
material for a resistive switching device with multilevel storage capability for 
use as an electronic synapse device was investigated by Wu et al.72) They 
fabricated Ti/AlOx/TiN memory stack that measures 0.48 x 0.48 μm2 by 
sputtering, while AlOx was fabricated by the atomic layer deposition (ALD) 
method. They reported the fact that the multilevel resistance states can be 
obtained by changing the compliance current levels and RESET stop voltage 
amplitude during pulse cycling. A stable switching was achieved, and the 
resistance changed by ~1% for every pulse cycle. They also evaluated the 
endurance of the device at 125 °C, and it was confirmed that the resistance levels 
were mostly similar at 105 s. The obtained switching cycle and resistance ratio 
were 105 cycles and 10, respectively. This indicates that the AlOx-based material 
is suitable for use in neuromorphic applications.  
Another study of metal-oxide-based neuromorphic devices was performed by 
Seo et al.38) using titanium oxide as the base material for a synapse resistive 
switching electronic device in the context of its analog memory, synaptic 
plasticity, and a STDP function. A device consisting of Pt/Al/TiO2-x/TiOy/W was 
fabricated to investigate switching, with the TiOx bilayer acting as the memristor 
material. The TiOx and TiOy were fabricated via atomic layer deposition and the 
sol-gel method, respectively. The TiOy itself has more oxygen vacancies than 
TiOx, indicating that the latter is more conductive. The change to multilevel 
conductance and analog memory characteristics by this device was subsequently 
confirmed. They reported that the multilevel conductance is related to the applied 
voltage. As a positive voltage is applied to the system, oxygen diffuses from the 
TiOx to the TiOy layer, which reduces the effective thickness of the layer, 
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resulting in increased conductance. However, when a negative voltage was 
applied to the system, the effective thickness of the layer expanded, which 
decreases conductance. 
The improvement of the performance and accuracy of the switching 
electronic synaptic device was performed by Yu et al. using a multilevel metal 
oxide with the structure of TiN/HfOx/AlOx/Pt thin film stack.73) The structure of 
HfOx/AlOx was used owing to their rapid switching speed, endurance, and low 
energy consumption. It was reported that the multilevel resistance states could 
be obtained by controlling the voltage amplitudes during the pulse cycling from 
10 kΩ to the range of 300-1000 kΩ. The amplitude of the conductance could be 
controlled from cycle to cycle, and its endurance was reported to be 10,000 
cycles for a period of 7,200 s (2 h), with the energy consumption of ~6 pJ. The 
behavior of gradual resistance change was determined to prove the STDP 
learning rule. They suggested that the metal-oxide resistive switching memory 
could be utilized for neuromorphic computation systems. Moreover, Yu et al. 
developed a resistive switching synaptic device by fabricating a stochastic 
compact layer of Pt/HfOx/TiOx/HfOx/TiOx/TiN for the purpose of resistance 
modulation74). TiOx was grown on a Ti substrate using thermal oxidation 
(thickness = 2 nm), whereas HfOx was fabricated by the sputtering process 
(thickness of 4 nm). They showed that the reduction of the switching voltage is 
possible due to the multilayer stack. They also tested the endurance of the device, 
and reported that there was no degradation after 1000 cycles. The device is also 
robust at high temperatures (>85 °C). They applied hundreds of identical pulses 
to obtain the modulation of hundreds of resistance states. The resistance 
modulation was expected to control the pulse amplitude or width, and simplify 
the neuron circuit design by varying the identical pulse number. The switching 
mechanism in this device is attributed to the tunneling gap in the first HfOx layer, 
while the TiOx layer acts as a reservoir of oxygen.  
Furthermore, Woo et al. utilized a hybrid AlOx/HfO2 in the form of a 
TiN/HfO2/Ti/TiN stack to implement the synapse function and analyze its 
identical pulse response75). The HfO2 layer was deposited by the atomic layer 
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deposition method. They reported that the abrupt RRAM switching behavior 
does not change the condition of the conductance state. If the conductance range 
is controlled at both polarities, the accuracy increases. In terms of pulse response 
in the RRAM system, they reported that the achievement of multiple 
conductance states is affected by the conductive filament volume. The 
introduction of the AlOx layer to the system was found to stabilize the expansion 
of the conductive filament and improve the uniformity of the switching process. 
Hansen et al. investigated memristive devices by utilizing metal-oxide 
Nb/Al/Al2O3/NbxOy/Au and analyzing the energy barrier and interface effects 
within the memristive material76). Al2O3 (1.3 nm) and NbxOy (2.5 nm) were 
fabricated by deposition and DC magnetron sputtering, respectively. They 
pointed out that the homogeneity of the interface effect is important towards the 
development of a uniform resistive switching mechanism. It was postulated that 
the resistive switching mechanism allows for the tunneling of the electron and 
Schottky barrier due to the movement of oxygen (drift-diffusion process), which 
changes the local electronic interface states within the memristive layers. Down-
scaling of the device will result in high device resistance, owing to the Schottky 
contact, which will in turn affect the double barrier device. A device with high 
resistance is also needed to reduce the power consumption. Mandal et al. 
fabricated a synaptic memory device based on the Mn-doped HfO2 material77). 
Their device consists of W/TiN/Mn/HfO2/Ru, which is fabricated using the RF 
magnetron sputtering system. They analyzed the electrical characteristics of two 
terminal synaptic memory devices and conductance change caused by the input 
pulse parameter, which are variations in pulse amplitude and width. They 
proposed that the conductance is changed owing to the generation and 
elimination of defects from the applied signal triggered by the stress-induced 
leakage current. They tested the device in an STDP algorithm for speech 
recognition using a 16 × 16 crossbar array of Mn:HfO2 synaptic memory devices 
in a neuron-synapse framework. The simulation shows that the device is capable 
of distinguishing speeches. The performance of the device can be improved by 
utilizing perovskite oxide material. Wang et al.28) fabricated and characterized 
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memristor devices utilizing LiNbO3. Lithium ions are expected to improve the 
switching process. In their work, LiNbO3 was fabricated with a 42-nm-thick 
layer between two electrodes (sandwich) by pulsed laser deposition (PLD). The 
I-V results showed that the repeatable bipolar memristive switching 
characteristic was obvious from -3 to 3 V, while the device has a continuous 
resistance range with a ratio of maximum/minimum resistance of ~100. The 
durability of the device was also tested for 24 h, at 100 °C for 80 min. The results 
show that temperature changes the current magnitude. The device based on 
LiNbO3 was reported to be tunable to a specific resistance state within a 
continuous resistance range. 
 
1.5.2. Metal-sulfides 
Metal-sulfide, sometimes it called atomic switch. The term “atomic switch” 
was firstly introduced by Eigler et. al. in 1991 when they succeded in controlling 
the transfer of a xenon atom (Xe) between the nickel sample surface and the tip 
apex of a scanning tunneling microscope (STM) in an ultrahigh-vacuum system 
cooled at 4 K.78) They found that the resistance between the sample surface and 
the tip was changed by one order of magnitude. Several years after that, Terabe 
and his coworkers observed similar phenomena while using Ag/Ag2S as the apex 
tip of STM and Pt as the counter electrode.79) However, the switching was 
obtained in low bias voltage with a higher on/off ratio than that of the xenon 
atom. In recent years, such atomic switch has attracted increasing attention 
owing to its interesting properties that meet the requirement for building 
neuromorphic devices with low power consumption, high switching operation, 
and non-volatility. In this section, we will discuss atomic-switch-based 
neuromorphic devices including their mechanism, materials, device fabrication, 
and their neuromorphic behavior. 
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Figure 1.4 Schematic diagram of atomic switch in ON and OFF states. (a) Ag 
atoms grew at the tip of Ag2S due to reduction, forming a metallic bridge 
between Ag2S and substrate. (b) Ag atoms shrank due to oxidation, annihilating 
the metallic bridge between Ag2S and substrate. 
 
An atomic switch is the switching device that works based on controlling the 
growth and shrinkage of metallic atom bridges through electrochemical 
precipitation in a vacuum gap of few nanometers located between two electrodes. 
Basically, the switching mechanism of the atomic switch is quite similar to metal 
oxide as we discussed in a previous section. In the atomic switch, the process of 
growing/shrinking the metallic bridge/filament occurred not inside the medium 
such as in a metal oxide, but in a vacuum gap. The growth/shrinkage of the 
metallic atom takes place when two electrodes were applied by forward/reverse 
bias due to the reduction/oxidation processes during the operation (figure 1.4). It 
should be noted that the growth/shrinkage of a metallic bridge does not depend 
on the bias, but on the tunneling current exponentially.80) To date, such operation 
of atomic switches has been reported only in very limited materials called solid 
state ionic conductors, such as Ag2S,79) Cu2S,81) and RbAg4I5.82) The main 
property of these materials is activation energy, which related to the switching 
time as following equation,83) 
𝑡𝑆𝑊 =
1
𝐶1𝑃𝑑(𝑉𝑆𝑊)𝑃𝑢𝑝(𝑉𝑆𝑊)
∫ exp (
𝐸𝑎 − 𝐶2√𝐼𝑡
𝑘𝐵𝑇
)
𝑍𝑜𝑓𝑓
𝑍𝑜𝑛
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where C1 and C2 are coefficients, and Pd(VSW) and Pup (VSW) are probability 
factors determined by atomic diffusion on a surface and over a step, respectively. 
Ea is the activation energy and It is the tunneling current. Zon and Zoff are the gap 
distances between the two electrodes in on and off states respectively. The study 
on the effects of temperature, bias voltage, and the activation energy on the 
switching time was reported by A. Nayak et al.84) 
 
Figure 1.5 (a) STM mechanism was observed while applying an input pulse at 
a time interval of 20 s. (b) The LTM mechanism was observed when a lower 
time interval of input pulses (T = 2 s) was applied to the device.86) [Reprinted 
with permission from Springer Nature] 
 
The first prototype of an atomic switch showing synaptic behavior was 
reported by Hasegawa et al.85) In their work, a solid electrochemical reaction was 
used to form a 1 nm gap between Ag2S and Pt electrodes in the on-state by 
depositing a 1-nm-thick Ag film. First, Ag nanowires were formed on an 
insulator, which was then sulfurized in sulfur vapor at 150–200 °C, taken to form 
Ag2S at the surface of Ag nanowires. After that, a 1-nm-thick Ag film was 
deposited on the top of the Ag2S-coated Ag nanowire where the wire is to be 
crossed with a Pt wire, which was then duly deposited. By applying a positive 
bias to the Pt nanowire, the Ag atoms were oxidized to Ag+ cations, which were 
then incorporated into the Ag2S layer. Memorization by the atomic switch was 
quantified by measuring the analog intensity of the output signal of the element 
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as a function of previous operational events. The atomic switch stored the 
information from the first three input signals without any change in the output 
signals, but ‘‘fired’’ (turned on) the fourth input signal due to the limits of the 
amount of Ag atoms that can precipitate from a Ag2S crystal.79)  
Further investigation of an atomic switch exhibiting synaptic behavior and 
mimicking the human brain was demonstrated by Ohno et al. using an Ag2S.86) 
The synaptic devices are two-terminal-based devices, consisting of a nanoscale 
Ag2S-coated Ag electrode and platinum as its counter electrode. The sulfurizing 
process of the Ag substrate was conducted in sulfur vapor at 150 °C for 70 min. 
The nanometer gap between the two electrodes was formed using a scanning 
tunneling microscope. The synaptic behavior of the device was then investigated 
by applying voltage pulses to the device and monitoring the change in 
conductance. As depicted in figure 1.5, by applying 80 mV with different 
repetition intervals of bias pulse, the characteristics of memories, such as STP 
and LTP mechanisms, were observed at intervals of 20 and 2 s, respectively. 
Interestingly, this synaptic operation of the device successfully demonstrated the 
memorization process of images, which includes the process of registering and 
storing it in short-term memory, and after several repetitions, the image was 
processed for storage in long-term memory.   
A similar device structure was used to investigate the effect of other 
parameters of bias pulse, such as the amplitude and the width of the bias pulse.87) 
It was reported that the transition from SM to STM strongly depends on the 
amplitude and width of the voltage pulses. The lower amplitude and the narrower 
width require a larger number of voltage pulses to achieve the first STM 
formation. The formation of SM is attributed to the increase in the concentration 
of Ag+ ions at the Ag2S subsurface. A certain threshold energy is required for 
transferring into the STM formation.  
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Figure 1.6 In the tug-of-war devices, the first filament growth was carried out 
by applying a negative bias voltage to counter electrode 1. However, the 
shrinkage of this filament is caused by filament growth on counter electrode 2. 
Note that no bias is applied to counter electrode 1 during the shrinkage of the 
first filament. 
 
Different materials with atomic switch characteristics, such as Cu2S, were 
also investigated. Nayak et al. studied the synaptic behaviors of the Cu2S gap-
type atomic switch that can be controlled by voltage pulse stimulation, and by 
manipulating the moisture, and temperature.88) The device is a two-terminal-
based device, which was fabricated using previously described methods. The 
device was then operated under different conditions, such as vacuum and air, to 
investigate the effect of moisture, and at elevated temperatures to investigate the 
effect of temperature. The Cu2S device is affected by moisture at a relative 
humidity of ~50%. This behavior was not observed in the Ag2S system, which 
confirms the sensitivity of the Cu2S device system to moisture. Under a similar 
input pulse condition in air, the conductance of the Cu2S system was significantly 
higher than that under operating in a vacuum, indicating the possibility of 
advanced operation involving the ability for atmospheric sensing. The synaptic 
behavior was also studied as a function of temperature. The Cu2S gap-type 
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atomic switch demonstrated an exponentially faster switching speed with 
increasing temperature, suggesting a close analogy with a biological synapse, 
since both showed better maintenance of synaptic strength at elevated 
temperatures. It is thus possible to fabricate an advanced artificial synapse 
element with the ability to sense two important environmental factors such as 
temperature and air, which resembles the human brain in a sense that it is able to 
perceive and quantify its surroundings. 
To understand and control network-level dynamics that resemble those 
observed in biological neural network behaviors, Sillin et al. developed a 
unification of theoretical models, which is represented by a numerical model and 
the experimental results of individual atomic switches and the random nature of 
network wiring.89) The atomic switch networks (ASN) were fabricated using the 
self-assembly of a rhizomic–dendritic network of highly interconnected Ag 
nanowires, which were sulfurized to provide distributed nanojunctions 
composed of inorganic synthetic synapses. The ASNs were interfaced to two 
electrodes that were fabricated using conventional microlithographic processing 
to create a functional device.  
In the context of computing, such as decision making, it is necessary to 
develop a software-controlled chip of several transistors. Kim et al. proposed 
‘tug-of-war’ computing, which is inspired from amoeba,90) while Lutz et al. 
demonstrated this using a Ag2S atomic switch.91) The schematic diagram of the 
device is shown in figure 1.6. To fabricate such a functionalized device, first, a 
Ti thin film was deposited on a patterned contact pad, followed by Pt films. In 
the middle pad, Ti was deposited onto the top of Pt to improve the adhesion 
between Pt and Ag2S. This device works as follows: when a bias voltage was 
applied through the first electrode, Ag growth takes place between the middle 
pad and the first electrode, indicating that the first information is saved in the 
long-term memory. Further applying a bias voltage to the second electrode leads 
to the shrinkage of the bridge connecting the middle electrode to the first 
electrode, which is due to the limited amount of quasi-free Ag+ ions in the α-
Ag2+δS lattice and the growth of the Ag bridge towards the second electrode, 
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signifying new information that contradicts the previous, which weakens the first 
memory. Applying a higher bias over a longer time results in the formation of a 
new filament towards the second counter electrode. This will make it easy to 
understand the decision-making process. The stronger or more frequent 
information would lead to the reinforcement of the connection, while statistically 
irrelevant information will be eliminated over time.  
 
1.6. Memristor-based reservoir computing 
As mentioned before, the main characteristic of a memristive element is that 
its resistance changes with time depending on the current flow that has passed 
through it16) that makes memristor as a promising passive circuit element for a 
new computing paradigm. There are two types of memristor-based reservoir 
computing: neuromemristive reservoirs consisting of both neuron circuits and 
memristor synapses, and memristive reservoirs without neuron units. However, 
since the nanoparticles-based device that we proposed here is considering the 
dynamic of memristors only without considering the number of unit memristor 
involved, therefore it is the later type of memristor-based reservoir computing. 
 
1.7. Nanomaterials 
Studies on nanoscale materials driven interest of researchers over the past 
decades owing their unique properties compared with their bulk. Nanomaterials 
are defined as a material with any external dimension in the nanoscale (size range 
from approximately 1 nm to 100 nm.92) If the material has internal nanostructure 
or surface nanostructure, it called nanostructured material.92) Nanomaterials can 
be classified as zero-dimensional (0-D), one-dimensional (1-D), two-
dimensional (2-D) and three-dimensional (3-D).93) The classification is based on 
the number of dimensions, which are confined to the nanoscale range (< 100 nm), 
as illustrated in Figure 1.1. The 0-D materials refer to the form of nanoparticles 
(NPs), which defined as a material which has nanoscale in three dimensions (x, 
y, z). The 1-D nanomaterials are a material which has two dimensions (x, y) at 
33 
 
nanoscale, but other dimension (L) is not. The structure can be in the forms of 
nanowire, nanofibre, nanorod, nanobelt or nanotube.94) If only one dimension (t) 
at nanoscale and the others two dimensions (Lx, Ly) are not, it referred to 2-D 
nanomaterials. Similarly, 3-D nanomaterials refers to no bulk dimensions at 
nanoscale. The size range that holds so much interest is typically from 100 nm 
down to the atomic level, because it is in this range (particularly at the lower end) 
that materials is expected to have different or enhanced properties compared with 
the same materials at a larger size. The two main reasons for this change in 
behavior are an increased relative surface area. As there are more surface atoms 
compared to the corresponding bulk, there are more interaction is built between 
the nanomaterials with the surrounding material, making the material more 
reactive and sensitive. As the size of matter is reduced to tens of nanometers or 
less, quantum effects can begin to play a role,93) and these can significantly 
change a material’s properties.  
The synthesis of nanomaterials can be classified as top-down and bottom-up 
process.93) Top-down process refers to the formation of nanomaterials by slicing 
the bulk material to nano-sized material, regularly done by attrition and/or 
milling process.95) Top-down process serves straight forward and better size 
control, but the process may damage to the crystallographic and leave 
imperfection on the surface structure. Differs from top-down process, bottom-up 
relates to assembling the nanomaterial from atom/molecules,96) generally 
referred as chemical synthesis. Some bottom-up process including sol-gel 
technique, hydrothermal, anodic and thermal oxidation, chemical vapor 
deposition, pyrolysis, etc. In this work, Ag-Ag2S in the form of core-shell NPs 
are fabricated through wet chemical reaction that called as two-phases Brust-
Schiffrin technique and its structural and electrical properties are investigated. 
 
Figure 1.7 Illustration of 0-D, 1-D and 2-D nanomaterials 
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1.8. Synthesis of Noble metal nanoparticles 
As mentioned before, Ag-Ag2S system showed the memristive behavior and 
ability to emulate the neuromorphic properties such as learning. Several 
morphologies of Ag-Ag2S, such as nanowires and thin films has been reported 
with consistence result of enabling the memristive behavior as well as 
demonstrating the neuromorphic properties. Here, we report the fabrication of 
Ag-Ag2S core-shell nanoparticles for developing reservoir computing hardware. 
Different synthesis approaches would predominantly cause variations in the 
properties of Ag NPs. Typically, these synthetic methods are separated into three 
categories: physical methods such as laser ablation of silver metal rods or plates 
immersed in liquid phase, chemical methods that used reduce reaction technique, 
and using various biological systems, such as bacteria, fungi, plant extracts, and 
small biomolecules including vitamins and amino acids. Among those synthesis 
approaches, chemical method was chosen in this study owing to an advantage in 
production yield.  
 
1.9. Problem statement 
The present work is aimed for the fabrication of Ag-Ag2S core-shell NPs 
through wet chemical reaction and to investigate their structural, electrical and 
neuromorphic properties. The structure formed (i.e. NPs) has advantages since 
it has high surface area, therefore the change of properties compared to their bulk 
is expected. Wet chemical reaction is selected as the synthesis method 
considering high production yield and size is easily controllable by maintaining 
the synthesis parameters. Reduce reaction is mostly technique used to obtain 
metal nanoparticles such as gold and silver. To find the best NPs characteristics, 
wet chemical sulfidation and Brust-Schiffrin procedure with various synthesis 
parameters were chosen.  
Moreover, electrical properties, switching mechanism, network-specific as 
well as the neuromorphic properties of Ag-Ag2S NPs were also studied. Those 
properties are important especially to fill the requirement for enabling reservoir 
computing. 
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1.10. Objectives study 
The main aims of this research are: 
1. To find a proper procedure to synthesize Ag-Ag2S core-shell 
nanoparticles in wet chemical reaction 
2. To find an optimum condition to synthesize the controlled size of Ag-
Ag2S core-shell nanoparticles wet chemical method. 
3. To investigate the effect of Ag2S volume ratio to the electrical properties 
of the synthesized Ag-Ag2S nanoparticles. 
4. To investigate the switching mechanism using the aggregation of Ag-
Ag2S nanoparticles and their neuromorphic learning demonstration 
5. To build the prototype of reservoir computing framework using Ag-Ag2S 
nanoparticles 
 
1.11. Research scope 
In this research work, the main aspects to discuss are the electrical properties 
of Ag-Ag2S core-shell nanoparticles-based device synthesized by wet chemical 
reaction method. The scope of this study covered: 
1. The various wet chemical synthesis to the structural and electrical properties 
2. The size control of Ag-Ag2S nanoparticles synthesized by Brust-Schiffrin 
procedure. 
3. The switching mechanism of NPs-based device.  
4. The recurrent neural network properties of NPs-based device with control of 
neuromorphic learning behavior 
5. Demonstration of reservoir computing device. 
 
1.12. Outline of thesis 
This thesis is consisted of eight chapters. Chapter one explains the 
introduction and literature review covering the theory and literature related to the 
involved works, research motivation, objectives and study scope of this work. 
Chapter two deals with the materials, chemicals used and experimental 
procedures. This chapter includes the design of experiment, synthesis process of 
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Ag-Ag2S NPs by wet chemical reaction as well as the experimental set-up of 
electrical properties measurement. The characterization techniques and its 
working principle are also included in this chapter.  Chapter three, four, five and 
six focus on presenting the overall results and analysis in the form of journal 
template. The chapters are organized to introductory paragraph, experimental 
procedure, results and discussion, conclusion. Chapter seven states the 
conclusion of this research work as well as some suggestions and 
recommendations. 
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CHAPTER 2 
Methodology 
 
2.1. Introduction 
This chapter explains the information of the raw chemicals, materials, 
equipment and the experimental procedure of this research works. This chapter 
is divided into three main parts: (1) synthesis procedure of nanoparticles, 
including materials, chemicals and equipment used in the experiments and 
structural characterization, (2) device fabrication, including random network 
fabrication, (3) the characterizations of the fabricated sample including electrical 
properties such as I-V and I-t measurements to observe the memristive and brain-
like related behavior. The experimental procedure of this research work was 
illustrated in Figure 2.1. 
 
Figure 2.1 The illustration diagram of this experimental work. (a) Synthesis of 
Ag-Ag2S core-shell nanoparticles using two different methods. (b) Device and 
random network fabrication. (c) Study of electrical properties and brain-like 
related phenomena, such as memristive behavior. 
Wet chemical reaction
Ag
Ag2S
Drop-cast particles between 
electrodes
Ag-Ag2S core-shell 
nanoparticles
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Result
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2.2. Chemical and materials 
The materials and chemical used in this research were presented in Table 2.1 
Table 2. 1 Summary of chemicals and materials used in the experiment 
Chemical Name 
 
Chemical 
Formula 
Function Supplier Remarks 
Silver Acetate AgC2H3O2 Precursors Wako Purity: 99.9% 
MW: 166.91 
gr/mol 
Silver Nitrate AgNO3 Precursors Sigma-
Aldrich 
Purity: ≥99.0% 
MW: 79.55 
gr/mol 
Dodecylamine CH3(CH2)11NH2 Precursors Wako Purity: 95% 
MW: 185.35 
gr/mol 
Phenylhydrazine C6H8N2  Reducing 
agent 
Sigma-
Aldrich 
Purity: 97% 
MW: 108.14 
gr/mol 
Tetraoctyl-
ammonium 
bromide 
C₃₂H₆₈BrN Phase transfer 
catalyst 
Sigma-
Aldrich 
Purity: 98% 
MW: 546.79 
gr/mol 
Sodium 
borohydride 
NaBH4 Reducing 
agent 
Tokyo 
Chemical 
Industry 
Purity: >95.0% 
MW: 37.83 
gr/mol 
Sodium sulfide 
nonahydrate 
Na2S.9H2O Precursors Sigma-
Aldrich  
Purity: 99.9% 
MW: 240.18 
gr/mol 
Allyl mercaptan C3H6S Precursors Tokyo 
Chemical 
Industry 
Purity: >80%  
MW: 17.03 
gr/mol 
Ethanol C2H6O Solvent Wako Purity: 99.5% 
MW: 46.07 
gr/mol 
Toluene C7H8 Solvent Wako Purity: 99.5% 
MW: 92.14 
gr/mol 
Isopropanol (CH3)2CHOH Cleansing 
Agent 
Kanto 
Chemical 
Purity: 99.9% 
MW: 60.10 
gr/mol 
Anisole 
(gL 2000-M) 
C7H8O Electron 
Beam Resist 
Kanto 
Chemical 
Purity: 89% 
MW: 108.14 
gr/mol 
n-Amyl Acetate 
(ZED N-50) 
C7H14O2 Developing 
Agent 
Zeon 
Chemical 
Purity: 100% 
MW: 130.19 
gr/mol 
4-Methyl-2-
Pentanone 
C6H12O Developing 
Agent 
Kanto 
Chemical 
Purity: 
MW: 100.16 
gr/mol 
Dymethil 
Sulfoxide 
(CH3)2SO Lift-off 
Solution 
Kanto 
Chemical 
Purity: 99% 
MW: 78.14% 
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2.3. Synthesis of Ag-Ag2S core-shell nanoparticles 
Two types of wet chemical synthesis procedure has been performed to obtain 
the Ag-Ag2S core-shell nanoparticles, namely sulfidation of dodecylamine-
coated Ag nanoparticles and two-phase Brust-Schiffrin method.  
2.3.1 Sulfidation of dodecylamine (DDA)-coated Ag nanoparticles 
Generally, this procedure consists of two steps, fabrication of DDA-coated 
Ag nanoparticles using reduce reaction1) and sulfidation of DDA-coated Ag 
nanoparticles2,3). The detail of synthesis procedure is as following: 2.08 g of 
silver acetate in 20 mL toluene and 10 g of DDA was used as starting materials. 
Then, 2.08 g of phenylhydrazine in 20 mL toluene was added dropwise to the 
silver acetate solution with stirring in oil bath at 60°C and at 300 rpm for 1 h. 
The black color solution was obtained during dropwise process, indicating the 
formation of DDA-capped Ag nanoparticles. The Ag/DDA was then filtered and 
then the sulfurizing process was performed in wet chemical reaction by utilizing 
Na2S·9H2O aqueous solution as the source of sulfur ions. The solution was then 
filtered and diluted hydrogen peroxide was added to suppress the reactivity of 
Na2S·9H2O. The solution was then centrifugated at 2600 G for 30 min to separate 
the nanoparticles. The flow diagram of this type of synthesis is depicted in the 
Figure 2.2. 
 
Figure 2.2 Synthesis procedure of sulfidation of DDA-coated Ag nanoparticles 
Ag Nanoparticles
Sulfidation in wet 
chemical reaction
Ag-Ag2S core-shell 
Nanoparticles
Two steps synthesis
Ag
DDA
Ag
Ag2S
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2.3.2 Two-phase Modified Brust-Schiffrin method 
Another type of wet chemical synthesis of Ag-Ag2S nanoparticles is using 
two-phase Brust-Schiffrin method following the previous work of C. Battocchio 
et. al.4). Ag-Ag2S nanoparticles were synthesized at room temperature as 
following: A toluene solution of allylmercaptane (0.37 mL, 4.71 mmol) is mixed 
with a solution of silver nitrate (200 mg, 1.18 mmol). Then, tetraoctylammonium 
bromide in deionized (DI) water (360 mg, 0.658 mmol) was added to the solution 
and followed by adding sodium borohydride solution in DI water (260 mg, 6.87 
mmol). The mixture was allowed to react for 2 h at room temperature with 
magnetic stirring. The water phase was then removed from obtained solution and 
then centrifugated at 4000 rpm for 20 min to separate the nanoparticles from the 
liquid phase.  The overall synthesis process is illustrated in Figure 2.3. 
 
Figure 2. 3 Modified Brust-Schiffrin procedure for fabrication of Ag-Ag2S 
core-shell nanoparticles 
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2.4. Device and random network fabrication 
2.4.1 Device fabrication 
A nanoscale gap electrode was fabricated via e-beam lithography (EBL) 
method, with SiO2/Si as the substrate. Firstly, the device pattern was designed 
by free computer-aided design (CAD) software, LayoutEditor, before the 
process. The CAD design used for the EBL was depicted in Figure 2.4. After 
that, e-beam resist solution (gL 2000:anisole = 1:1) was spin coated to the 
substrate with speed 5000 rpm for 40 s and soft baked at 180 ℃ for 3 min. The 
electrode patterning was then performed by e-beam machine model Elionix ELS-
7500, as shown in Figure 2.5. The beam amplitude was 30 nA and developed by 
ZED-N 50 solution for 5 min continued by MIBK:IPA for 15 sec, then rinsed by 
distilled water. The material of electrode was Pt/Ti with thickness 24/6 nm that 
depositing by sputtering machine model Miller CFS-4EP-LL. The resist then 
was removed by dimethyl-sulfoxide at 80 ℃ for 40 min under sonication process. 
The as-fabricated devices were then observed under scanning electron 
microscopy (SEM). 
  
Figure 2.4 CAD design for device fabrication by using EB lithography 
2 cm x 2 cm
2.3 m x 2.3 m
200 nm gap
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Figure 2.5 EB Lithography machine 
2.4.2 Random network fabrication 
After fabrication of nanoparticles by wet chemical reaction and device by e-
beam lithographic technique, the next step is fabricating random network in 
order to investigate the electrical properties of nanoparticles and learning 
behavior. Two methods were performed, dielectrophoresis (DEP) and simple 
drop-casting method.  
2.4.2.1 Dielectrophoresis (DEP) 
The Ag-Ag2S NPs were assembled at the edge of electrodes by 
dielectrophoresis (DEP) method. Initially, small amount of the Ag-Ag2S NPs 
powder was diluted in ethanol. Sonication was performed to the suspension, prior 
to avoiding the agglomeration of particles. Then, the suspension was casted on 
to the electrode device that electric field was applied to, at certain AC voltage 
and frequency and wait until dried naturally. The source of AC voltage was 
function waveform generator model WW 2074 manufactured by Tabor 
Electronics, which connected to a pair of electrode to generate the non-uniform 
electric field, with phase difference 180°. The trapping process was finished if 
the cast solution have dried. The schematic diagram of DEP process was depicted 
in the Figure 2.6. 
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Figure 2.6 Illustration of dielectrophoresis 
2.4.2.2 Simple drop-cast with heated by hot plate 
Instead of using DEP, another method to create random network is by simple 
drop-casting method with heated by hot plate simultaneously. The hot plate was 
set at 50°C to conduct rapid evaporation of ethanol solvent. During conducting 
the experiment, we found that this method (simple drop-cast) is suitable for 
fabrication random network of NPs owing to the absent of current flow after 
random network is formed.  
 
2.5. Characterization 
2.5.1 Structural properties 
Several characterization techniques were performed to know the properties 
of fabricated sample. The structural properties of Ag-Ag2S NPs such as crystal 
structures, particle size, and chemical bonding state at the surface of NPs were 
studied by x-ray diffraction spectrometry (XRD), transmission electron 
microscope (TEM) and x-ray photoemission spectroscopy (XPS), respectively. 
After casting the NPs, since the NPs were electron-sensitive, the sample were 
then check under optical microscopy to confirm the location of the aggregation 
of NPs on the device. The sample then ready for further electrical 
characterization such as I-V and I-t measurement. 
2.5.1.1 X-ray diffraction spectrometer (XRD) 
X-ray diffraction (XRD) is one quantitative and qualitative characterization 
techniques used to analyze crystalline material. The working principle of this 
method is based of incident x-ray beam with wavelength λ that bombard lattice 
Drop-cast the 
solution of Ag-Ag2S 
NPs in ethanol
①
②
SiO2/Si
Ag-Ag2S NPs
Cross-section view
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planes in a crystal planes at an angle θ. This process is explained by Bragg’s law 
as expressed in equation 2.1. 
 
𝑛𝜆 = 2𝑑 sin 𝜃…………………………………………………………….. (2.1) 
 
where n is integer number, λ is the wavelength of x-ray radiation, d is the distance 
of lattice planes and θ is the angle of incident beam and lattice planes. In this 
research work, x-ray diffractometer (Rigaku RINT-2100) with Cu Kα radiation 
40 kV (λ = 0.154 nm) was used for phase and crystal analysis of the sample. The 
scanning rate was 0.02 °/s. The XRD machine used in this experiment is 
displayed in Figure 2.6 
 
Figure 2.7 Photograph of XRD machine 
The average crystallite size was calculated using the Scherrer equation (Equation 
2.2): 
 
𝐷 =
𝑘𝜆
𝛽𝑐𝑜𝑠𝜃
  …………………………………………………………….. (2.2) 
 
where D is the crystallite size, k is the Scherrer constant (0.9), λ is the wavelength 
of Cu Kα, and β is the full-width at half maximum (FWHM) of XRD peaks at 
peak position of 2θ. 
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2.5.1.2 Transmission electron microscopy (TEM) 
Transmission electron microscopy (TEM) is a technique used to observe the 
features of very small specimens such as nanoparticles. The technology was first 
developed by German scientists Max Knoll and Ernst Ruska in 1931 and has 
evolved over the years to become a common technique that is used globally in 
science and engineering to look at micro and nanoparticles. There are, at least, 
two keywords to describe the working principle of TEM, electron beam and 
vacuum. In a transmission electron microscope, an electron gun, fires a beam of 
electrons. The gun accelerates the electrons to extremely high speeds using 
electromagnetic coils and voltages of up to several million volts. The electron 
beam is then focused into a thin, small beam by a condenser lens, which has a 
high aperture that eliminates high angle electrons. Having reached their highest 
speed, the electrons zoom through the ultra-thin specimen and parts of the beam 
are transmitted depending on how transparent the sample is to electrons. The 
objective lens focuses the portion of the beam that is emitted from the sample 
into an image. Another component of the TEM is the vacuum system, which is 
essential to ensure electrons do not collide with gas atoms. 
 
Figure 2.8 Photograph of TEM machine 
 
TEM can be used to observe particles at a much higher magnification and 
resolution than can be achieved with a light microscope because wavelength of 
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an electron is much shorter than that of a photon. It also provides higher 
resolution images than a scanning electron microscope, which can only be used 
to scan and view the surface of a sample. Using TEM, scientists can be used to 
view specimens to the atomic level, which is less than 1nm and their diffraction 
pattern (SAED). 
2.5.1.3 X-ray photoemission spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative 
spectroscopic technique that measures the elemental composition at the parts per 
thousand range, empirical formula, chemical state and electronic state of the 
elements that exist within a material. Kai Siegbahn, who won the Nobel Prize in 
physics in 1981 for his research, developed XPS in the 1960s. XPS reveals which 
chemical elements are present at the surface and the nature of the chemical bond 
that exists between these elements. It can detect all of the elements except 
hydrogen and helium. The working principle of XPS is bombarding a sample by 
x-ray and detecting some excited-electrons that escape the atom. 
 
Figure 2.9 Photograph of XPS machine 
2.5.2 Electrical properties 
Several characterization technique were performed to investigate the 
electrical properties of the nanoparticles-based device, such as current-voltage 
characteristics and current-time characteristics. 
2.5.2.1 Current-voltage characteristics 
The electrical characteristic of samples were investigated by tailor-made 
probing system. The photograph of the machine is displayed in Figure 2.10. The 
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current-voltage data were recorded using Keysight Agilent 4156 A 
semiconductor parameter analyzer, as a function of voltage. The I-V 
measurement was performed in room temperature. 
 
Figure 2.10 Photograph of probe station 
2.5.2.2 Current-time characteristics 
 Another important measurement is time traces of current response to some 
forms of input bias such as constant DC voltage and waveform input. The block 
diagram of measurement is depicted at the figure 2.12. One of electrodes in the 
device was connected to the function generator for applying the bias. Then, the 
output current was recorded by LabVIEW software, which was connected to a 
data acquisition module (National Instruments, NI USB–9162) and a 
preamplifier (DLPCA–200) with a 10 kΩ resistor, in sequence.   
 
Figure 2.11 Block diagram of I-t measurement 
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Figure 2.12 Photograph of I-t measurement 
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CHAPTER 3 
Effect of various synthesis procedure to electrical characteristics 
of the nanoparticles-based device  
 
3.1. Abstract 
The effect of Ag-Ag2S fabricated by different synthesis procedure was 
systematically studied. The study was conducted by fabricating two types of Ag-
Ag2S nanoparticles and compare their structural and electrical properties. The 
synthesis procedure used in this study includes wet chemical sulfidation and 
Brust Schiffrin procedure. The effect of Ag/S molar ratio was also studied in 
both synthesis route. The results showed that although Ag-Ag2S nanoparticles 
synthesized by wet chemical sulfidation showed smaller average size of 
nanoparticles, in term of electrical properties it requires higher energy for 
allowing electron passed on the device compared to Brust-Schiffrin owing to the 
thicker organic layer protecting the nanoparticles.   
 
3.2. Introduction 
The investigation of electrical properties of Ag-Ag2S atomic switch has been 
a subject of interest recently. The non-linear I-V characteristics with hysteresis 
has been observed, indicating the memristive behavior and ability of mimicking 
synapse plasticity of human brain.1) Various device structure and morphology 
such as thin film2), cross-bar array3) as well as nanowires4) has been investigated. 
However, the electrical properties of Ag-Ag2S nanoparticles based device is not 
been studied systematically.  
Ag-Ag2S nanoparticles were fabricated by various experiments including 
laser ablation,5) biological system,6) and chemical reaction.7) Among them, Ag-
Ag2S nanoparticles fabricated by chemical reaction is vast and low cost 
production. Here, we report the fabrication of Ag-Ag2S nanoparticles fabricated 
by two different chemical reaction procedures, wet chemical sulfidation and two-
phase Brust-Schiffrin method, and their structural and electrical properties.  
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3.3. Experimental procedure 
3.3.1. Synthesis route 
3.3.1.1 Wet chemical sulfidation 
Generally, this procedure consists of two steps, fabrication of DDA-coated 
Ag nanoparticles using reduce reaction8) and sulfidation of DDA-coated Ag-
Ag2S nanoparticles9,10). The detail of synthesis procedure is as following: 2.08 g 
of silver acetate in 20 mL toluene and 10 g of DDA was used as starting materials. 
Then, 2.08 g of phenylhydrazine in 20 mL toluene was added dropwise to the 
silver acetate solution with stirring in oil bath at 60°C and at 300 rpm for 1 h. 
The black color solution was obtained during dropwise process, indicating the 
formation of DDA-capped Ag nanoparticles. The Ag/DDA was then filtered and 
then the sulfurizing process was performed in wet chemical reaction by utilizing 
Na2S·9H2O aqueous solution as the source of sulfur ions. The solution was then 
filtered and diluted hydrogen peroxide was added to suppress the reactivity of 
Na2S·9H2O. The solution was then centrifuged at 2600 G for 30 min to separate 
the nanoparticles. The flow diagram of this type of synthesis is depicted in the 
Figure 2.2. 
3.3.1.2 Modified Brust-Schiffrin method 
The Ag NPs were synthesized using the Brust–Schiffrin procedure with 
different Ag/AM molar ratios (0.25/1, 0.5/1, and 1/1) by maintaining the amount 
of AM. The fabrication of Ag NPs with Ag/S (molar ratio of 0.25/1) is as follows: 
a toluene solution of AM (0.37 ml, 4.71 mmol) was mixed with a solution of 
silver nitrate (200 mg, 1.18 mmol). Tetraoctylammonium bromide in deionized 
(DI) water (360 mg, 0.658 mmol) was added to the solution, and the solution was 
the stirred for 30 min at 25°C. Subsequently, sodium borohydride (NaBH4) 
solution in DI water (260 mg, 6.87 mmol) was added to the mixture to initiate 
the reduction reaction. The mixture was allowed to react for 2 h at 25°C with 
magnetic stirring. The water phase was then removed from the solution. After 
ethanol was added to wash the excess of the AM and the toluene solution.  The 
overall synthesis process is illustrated in Figure 2.3. 
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3.3.2 Measurement 
3.3.2.1 Structural properties 
The phase of Ag NPs samples were examined by x-ray diffractometry (XRD, 
Rigaku RINT-2100) with Cu Kα radiation 40 kV (λ = 0.154 nm) and the scanning 
rate was 0.02 °/s. The morphology of samples were observed by transmission 
electron microscopy (TEM, JEOL-2100) with acceleration voltage at 200 kV. 
3.3.2.2 Electrical properties 
To investigate the electrical properties, the synthesized Ag-Ag2S 
nanoparticles was drop-casted to the 4-electrodes device system. Then, the 
device was taken into the measurement by using Keysight Agilent 4156 A 
semiconductor parameter analyzer.  
  
3.4. Results and discussion 
3.4.1. Structural properties 
The phase of the synthesized Ag-Ag2S with various synthesis procedure is 
displayed in Figure 3.1. It is clearly showed that both synthesis method has two 
distinct crystals, Ag and Ag2S. The Ag2S phase was clearly obtained at higher 
concentration of Na2S in the first method of synthesis even the intensity is very 
weak. On the other hand, the phase of Ag2S in the second synthesis method is 
obtained at lower Ag/AM molar ratio.  
Furthermore, the size and shapes of nanoparticles were carried out by TEM. 
As depicted in the Figure 3.2, the shape of NPs synthesized by both methods is 
spherical with different size. The NPs synthesized by wet chemical sulfidation 
showed smaller than that of Brust Schiffrin. Additionally, the particles were 
clearly separated in the first method, indicating the existence of organic layer 
surrounding the NPs. The average diameter of nanoparticles were presented in 
Table 3.1. 
58 
 
 
Figure 3.1 XRD profiles of Ag-Ag2S nanoparticles synthesized by (a) wet 
chemical sulfidation and (b) Brust-Schiffrin method 
(b)
(a)
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Table 3.1 The average diameter of NPs fabricated by two different methods 
Synthesis method Parameter 
Average diameter 
(nm) 
Wet chemical 
sulfidation 
10 mM Na2S 6.76  
100 mM Na2S N/A 
1 M Na2S 11.5 
Brust-Schiffrin 
method 
Ag/AM = 0.25/1 22.68 
Ag/AM = 0.5/1 35.63 
Ag/AM = 1/1 45.26 
 
 
Figure 3.2 TEM images of Ag-Ag2S nanoparticles synthesized by (a)-(c) wet 
chemical sulfidation and (d)-(f) Brust-Schiffrin method  
 
The average diameter of NPs synthesized by both synthesis route increase 
gradually as the Ag/S molar ratio increase. In wet chemical sulfidation method, 
during synthesis, the molarity of Ag was kept constant while the molarity of 
Na2S is increase, led to increase the particle size owing to the attachment of 
sulfide and organic layer at the outer shell of Ag NPs. Meanwhile in Brust-
Schiffrin method, during synthesis, the molarity of Ag was kept constant while 
the molarity of allylmercaptan (AM) was decrease. As depicted in Figure 3.3, 
decreasing AM may affect to low number of AM attached at the outer shell and 
(a) (b) (c)
(d) (e) (f)
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the aggregation of Ag complex molecules. Therefore, after reduction agent was 
added, the particle size of Ag NPs increase as Ag/AM molar ratio increase. 
 
Figure 3.3 Synthesis mechanism of Ag NPs using modified Brust-Schiffrin 
method 
 
3.4.2. Electrical properties 
The electrical properties of as-synthesized Ag-Ag2S nanoparticles were 
investigated by applying forward and reverse bias, and recorded the output 
current using semiconductor parameter analyzer. As depicted in Figure 3.4, both 
type of Ag-Ag2S nanoparticles showing non-linear with hysteresis, indicating 
memristive behavior. Although the electrical properties of both type of NPs-
based device showed memristive behavior, the energy required for conducting 
filament formation in the first NPs-based devices are higher than that of the other. 
It is believed that DDA, which has long carbon chain, still intact in the first 
device, so that higher energy is required to break the organic layer11). Compared 
to Brust-Schiffrin method, which having shorter carbon chain, NPs synthesized 
by wet chemical sulfidation require lower energy than that of the first method to 
perform the formation of conducting channel between nanoparticles. 
 
Ag Ag
Ag Ag
Ag
Ag
Phase transfer catalyst (PTC)
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Figure 3.4 The I-V characteristics of Ag-Ag2S nanoparticles-based device 
synthesized by (a) wet chemical sulfidation and (b) Brust-Schiffrin procedure 
 
Another interesting phenomena depicted in Figure 3.4 is the ability of device 
to maintain the on-state resulted from former sweep. The electrical properties 
NPs synthesized by wet chemical sulfidation showed that on-state is obtained in 
the first sweep and could not be maintained in the next sweep. On the other hand, 
the on-state of NPs synthesized by Brust-Schiffrin procedure obtained in the 
former sweep and is maintained in the next sweep. The result indicates the effect 
of organic layer to the electric transport behavior in NPs-based device, which 
longer carbon chain of organic precursor may affect to the electrical performance 
of the device. 
 
3.5. Conclusions 
To conclude, here we have presented the effect of Ag-Ag2S NPs synthesized 
by different synthesis method, such as particle size, structural characteristics and 
electrical properties. Ag-Ag2S NPs synthesized by wet chemical sulfidation 
having smaller size with thicker organic separator than that of Brust-Schiffrin 
method. The thicker the organic separator, the higher energy required to create 
conduction channel during applying bias. Considering these results, Ag-Ag2S 
NPs synthesized by Brust-Schiffrin were used for further experiment. 
 
(a) (b)
Dodecylamine (DDA)
Allylmercaptan (AM)
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CHAPTER 4 
Effect of the Ag2S volume ratio to the electrical properties 
 
4.1. Abstract 
The synthesis of Ag-Ag2S nanoparticles (NPs) was systematically studied via 
two-phases Brust-Schiffrin method. Parameter studied in the fabrication process 
such as Ag and allylmercaptan (AM) molar ratio was assessed. The results 
obtained by transmission electron microsopy, x-ray diffraction method and x-ray 
photoemission spectroscopy show that the particle size was increase as the 
Ag/AM molar ratio is increase. Although the Ag2S crystal structure is not clearly 
observed by x-ray diffraction (XRD), x-ray photoemission spectroscopy (XPS) 
was used to confirm the existence of Ag2S layer. Here, the higher volume ratio 
of Ag2S layer to NPs was obtained in NPs synthesized with Ag/AM molar ratio 
of 0.25/1 and it affect the current-voltage characteristics. 
 
4.2. Introduction 
Investigation of nanoscale materials has been a subject of interest of 
researchers over the past years owing their unique properties compared with their 
encounter bulk.1) One of the most fascinating materials is noble metal such as 
gold and silver owing to their properties such as synaptic dynamics2), Boolean 
logic3) and biomedical.4) However, the disadvantages associated with the use of 
gold NPs are primarily based on the fact that the NPs have no memory function, 
which is important in developing reservoir computing5). Furthermore, in the 
cases where they are used for switching functions, all the information stored in 
the device will be erased. By contrast, silver NPs have been studied for use in 
resistive switching devices6). Thus, it is expected that they can maintain 
information in such highly functional devices if aggregates of silver NPs are used 
for the switching operations in these devices, even after they are switched off. 
In an attempt to develop a computer that mimics the human brain utilizing 
Ag NPs, fabrication of NPs with control of size and narrow distribution is the 
first important step. Previously, various method has been develop to fabricate Ag 
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NPs such as laser ablation,7) biological system8) and chemical reaction9). In the 
present work, fabrication of Ag-Ag2S NPs by Brust-Schiffrin were investigated. 
An important parameters such as Ag/AM molar ratio that affect the volume ratio 
of Ag2S layer to NPs and their electrical properties were studied.  
4.3. Experimental procedure 
4.3.2. Synthesis of Ag-Ag2S NPs by Brust-Schiffrin method  
The Ag NPs were synthesized using the Brust–Schiffrin procedure with 
different Ag/AM molar ratios (0.25/1, 0.5/1, and 1/1) by maintaining the amount 
of AM. The fabrication of Ag NPs with Ag/S (molar ratio of 0.25/1) is as follows: 
a toluene solution of AM (0.37 ml, 4.71 mmol) was mixed with a solution of 
silver nitrate (200 mg, 1.18 mmol). Tetraoctylammonium bromide in deionized 
(DI) water (360 mg, 0.658 mmol) was added to the solution, and the solution was 
the stirred for 30 min at 25°C. Subsequently, sodium borohydride (NaBH4) 
solution in DI water (260 mg, 6.87 mmol) was added to the mixture to initiate 
the reduction reaction. The mixture was allowed to react for 2 h at 25°C with 
magnetic stirring. The water phase was then removed from the solution. After 
ethanol was added to wash the excess of the AM and the toluene solution. 
4.3.2. Measurement 
4.3.2.1 Structural properties 
The phase of Ag NPs samples were examined by x-ray diffractometry 
(XRD, Rigaku RINT-2100) with Cu Kα radiation 40 kV (λ = 0.154 nm) and the 
scanning rate was 0.02 o/s. The morphology of samples were observed by 
transmission electron microscopy (TEM, JEOL-2100) with acceleration voltage 
at 200 kV. The average particle size were calculated by measuring the diameter 
of particles from TEM image, from one edge to the other opposite edge of 
particle, using Image J software. Additionally, crystallite size were also 
calculated by Scherrer formula (Equation 3.1) 
 𝐷 =
𝑘𝜆
𝛽𝑐𝑜𝑠𝜃
         (4.1) 
where D is the crystallite size, k is the Scherrer constant (0.9), λ is the wavelength 
of Cu Kα, and β is the full-width at half maximum (FWHM) of the main XRD 
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peak. Additionally, the chemical bonding state at the surface of Ag NPs were 
studied by x-ray photoelectron spectroscopy (XPS). 
4.3.2.2 Electrical properties 
To investigate the electrical properties, the synthesized Ag-Ag2S 
nanoparticles was drop-casted to the 4-electrodes device system. Then, the 
device was taken into the measurement by using Keysight Agilent 4156 A 
semiconductor parameter analyzer. 
 
4.4. Results and discussion 
4.4.1. Structural properties 
Figure 4.1 shows the normalized XRD profiles of the fabricated Ag NPs at 
different Ag/AM molar ratio. The Ag and Ag2S phase in XRD profiles was 
matched with reference of JCPDS no. 00-004-0783 and 00-014-0072, 
respectively. From the normalized XRD data shown in Figure 4.1, both Ag and 
Ag2S peak patterns are clearly observed in samples with Ag/AM (molar ratio of 
0.25/1). Despite the fact that the intensities of the Ag2S peaks are very small 
irrespective of Ag/AM molar ratio increases, the Ag-S bonds are still observed 
in XPS, as shown in Figure 4.2. 
 
Figure 4.1 XRD profiles of the synthesized Ag-Ag2S nanoparticles at Ag/AM 
molar ratio of 0.25/1, 0.5/1 and 1/1 
66 
 
As depicted in Figure 4.2 (a), Ag3d peaks are more dominant than that of S2p 
peak in the wide range of XPS result of all tested samples. The S2p and Ag3d 
experimental spectra were then analyzed with Lorentzian shaped peaks. As 
shown in the Figure 4(b), three distinct chemical states for sulfur atoms were 
obtained around S2p spectra at the binding energies (BE) of 161, 162, and 163 
eV, which are respectively associated with the sulfur atom in the Ag2S-like 
chemical state (green line),10,11) bridging of the AM-residue R (R = 
−CH2−CH=CH2) to the Ag ions (Ag−S−R) (blue line),12,13) and the sulfur atoms 
of physisorbed AM molecules (orange line). The fraction of S atoms belonging 
to the third S type tend to decrease from 15% to 13% as increasing the Ag/AM 
molar ratio (0.25/1 to 1/1). The fraction of S in the Ag2S-like phase as well as 
Ag-S-R increased following increases in the Ag/AM molar ratio from ~40% to 
approximately 43%.  
Moreover, four peaks were observed after fitting with a separation of 6.0 eV 
of in the Ag3d XPS spectra, as depicted in Figure 4(b). The first two peaks are 
located at 368.20 and 368.9 eV, which correspond to Ag3d5/2 Ag(0) + Ag2S,14) 
and Ag3d5/2 Ag-S-R, similar to the Ag bonds within organic structures.15) For 
Ag(I) ions in Ag2S inorganic compound, an Ag3d5/2 BE value of 368.00 eV is 
expected.13) The small amount detected for the sulfur associated with Ag-S-R 
(~10%) is consistent with the Ag located at the NP surface and slightly decreases 
with the increase of the Ag/AM ratio, thus suggesting a smaller surface-to-
volume ratio, as expected in the case of larger particles. 
The shape and average diameters of the as-synthesized NPs were investigated 
by TEM. As shown in Figure 4.3(a)–(c), NPs have spherical shapes for the 
Ag/Allylmercaptan (AM) molar ratios of 0.25/1 to 1/1 for various diameters. To 
obtain the average diameter of the NPs, Gaussian curves were applied to fit the 
histogram of the particle size distribution, which is depicted in the inset of Figure 
4.3(d). The average diameters obtained from the analysis of the TEM images 
were 22.7, 35.6, and 45.3 nm for Ag/AM molar ratios of 0.25/1, 0.5/1 and 1/1, 
respectively, and were relatively smaller compared to polymer-coated Ag NPs.6) 
The size of NPs was in close agreement with extracted data from the X-ray 
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diffraction (XRD) pattern using Sherrer’s formula presented in Table 4.1. The 
average diameters of NPs were increased as the molar ratio of Ag/AM increased, 
in agreement with a similar tendency reported previously.16) 
 
Figure 4.2 (a) wide range of XPS data. (b) S2p XPS data of all tested samples 
showed three distinct peaks at 161, 162 and 163 eV, which correspond to 
Ag2S-like, Ag-S-R and physisorbed AM. (c) Ag3d XPS data of all the tested 
samples showed four peaks that fitted well to the experimental data 
(b) (c)
Ag/AM=0.25/1
Ag/AM=0.5/1
Ag/AM=1/1
Experimental data
Best fit
S2p3/2 Ag2S-like
S2p3/2 Ag-S-R
S2p3/2 physisorbed AM
Ag/AM=0.25/1
Ag/AM=0.5/1
Ag/AM=1/1
Experimental data
Best fit
Ag3d5/2 Ag(0), Ag2S
Ag3d3/2 Ag(0), Ag2S
Ag3d5/2 Ag-S-R
Ag3d3/2 Ag-S-R
(a)
Ag3d
S2p
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Table 4.1 Comparison between estimated crystallite size extracted from the 
XRD pattern and the average size of NPs from TEM image analysis. 
Ag/AM 
Crystallite 
Size (nm) 
ravg (nm) 
by TEM 
Δr (nm) by 
TEM 
0.25/1 21.01 22.68 3.93 
0.5/1 40.19 35.63 5.24 
1/1 46.25 45.26 20.18 
 
 
Figure 4.3 (a)-(c) TEM images of NPs with the Ag/AM molar ratios of 0.25/1, 
0.5/1, and 1/1. (d) The distribution of the diameters of particles extracted from 
TEM images for Ag/AM molar ratios of 0.25/1, 0.5/1, and 1/1. Inset: average 
diameters of tested samples were calculated by applying normal distribution. 
The average diameter increases as the molar ratio increases. 
(a) (b)
(c) (d)
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Figure 4.4 Illustration of Ag-Ag2S core-shell nanoparticles 
 
To obtain the thickness of the outer shell, two assumptions were taken, the 
NPs was perfectly spherical with homogenous thickness of outer shell layer as 
depicted in Figure 4.4. Then, the thickness was estimated by volume-to-intensity 
ratio. The thicker shell, the higher intensities of XRD pattern. The relation 
between volume of NPs and the volume of shell was described by following 
equation. 
𝑉𝛿
𝑉𝑁𝑃
=
3𝛿𝑅2−3𝛿2𝑅+𝛿3
𝑅3
         (4.2) 
where R is the total radius of NP, which is presented in table 4.1 and  is the 
thickness of Ag2S shell layer. By using this relationship, the thickness ratio of 
shell-to-nanoparticles of all samples with elevated molar ratio of Ag/AM is 
decrease. The highest volume ratio of Ag2S layer-to-nanoparticles was obtained 
in lower Ag/AM molar ratio, 0.25/1, by 2.75%. 
  
4.4.2. Electrical properties 
Furthermore, the effect of Ag2S volume ratio to the electrical properties was 
investigated. The current-voltage characteristics of each sample with elevated 
Ag/AM molar ratio presented in Figure 4.5. The measurement was carried out 
by using Keysight Agilent 4156 A semiconductor parameter analyzer with 0.1 V 
step voltage from 0 to 5V sweep and 1 mA of current compliance to prevent the 
damage of sample. Various Ag/AM ratio of NPs showed non-linear I-V 
characteristics with hysteresis, indicating memristive behavior. Additionally, it 
is observed that the higher Ag/AM molar ratio, the higher output current 
achieved at 5V. As the decrease of volume ratio of Ag2S layer to NP affect to the 
reducing the total contact resistance between NPs in the device, the lower energy 
Ag
Ag2S
r
R 
R = r + 
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required for formation of conduction channel. Since, NPs synthesized with 
Ag/AM molar ratio of 0.25/1 showed non-linear current-voltage relationship 
with synaptic-like behavior resulted in chapter 3 and considerably higher volume 
ratio of Ag2S layer to NPs, this NPs were used for further experiments. 
 
Figure 4.5 Current-voltage characteristics of tested samples at Ag/AM molar 
ratio of (a) 0.25/1 (b) 0.5/1 and (c) 1/1. 
4.5. Conclusions 
We successfully synthesized Ag-Ag2S nanoparticles by Brust-Schiffrin 
procedure. The average diameter of nanoparticles obtained from both XRD and 
TEM is consistent. The particle size were successfully controlled by varying 
Ag/AM molar ratio. As the Ag/AM molar ratio increase, the average diameter 
increase. Although weak Ag2S intensities of XRD pattern is obtained, the 
existence of Ag2S layer was confirmed by XPS measurement. Additionally, the 
thickness of Ag2S was estimated and affect to the electrical properties. The 
higher Ag/AM molar ratio, the lower volume ratio of Ag2S-to-NP led to the 
decrease of contact resistance between NPs.  
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CHAPTER 5 
Switching mechanism of Ag-Ag2S core-shell nanoparticles-based 
device and neuromorphic learning properties 
 
5.1. Abstract 
Recently, the switching of single solid-state utilizing Ag-Ag2S films has been 
reported. The change in surface energy act as main role for the formation and 
annihilation of metallic bridge as the input voltage changes. However, 
nanoparticle-based device has multi-gap owing to organic layer that acts as 
separator between nanoparticles so that open a challenge to investigate it. By 
applying direct constant (DC) constant voltage, the time-traces of output current 
showed stepwise increase of current with some fluctuations following by 
constant output current, indicating conduction path alteration following the 
stable conduction channel formation. The switching time as well as the synaptic-
like behavior such as potentiation and depression were observed as time-
dependent output current of feeding triangle and square wave input, respectively.  
 
5.2. Introduction 
The development of von-Neumann computing architecture facing serious 
problem in miniaturization transistor to increase chip density owing to tunneling 
current. Besides, the performance of such device in solving complex problem 
such as recognition and fast processing is considerably low. To overcome such 
problems, one propose to develop new computing paradigm that works like 
human brain, which is low power consumption and having powerful ability to 
solve the complex problem. Recently, memristor is found to be one candidates 
to  develop new computing paradigm.  
Previously, we successfully synthesizing Ag-Ag2S core-shell nanoparticles 
(NPs) with controlling the size as well as volume ratio of shell layer and their 
interesting electrical properties. Such NPs-based device having memristive 
behavior, which is non-linear current-voltage characteristic with maintaining the 
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on-state of former sweep. Although the electrical properties of NPs-based device 
show interesting phenomena, however, the switching mechanism of NPs-based 
device lack of knowledge. Here, we investigate the switching mechanism by 
recording the output current as the effect of DC constant voltage and triangle 
wave input. Furthermore, we also investigate the demonstration of synaptic-like 
potentiation and depression by using such device.  
 
5.3. Experimental procedure 
The as-synthesized Ag-Ag2S NPs were drop-casted onto 4-electrodes system 
of device. The self-assembled measurement setup was explained in section 
2.6.1.5. The devices with various electrode-gap were then applied by DC 
constant bias and the time-domain output current were recorded by LabView 
program installed inside the computer. Additionally, triangle wave was also 
applied to the device with 0.1 of frequency and peak-to-peak voltage were 3 and 
5 V to investigate the switching time. To enable the neuromorphic learning 
behavior, square wave with controlled pulse width and pulse interval was 
simultaneously fed to the device.  
 
5.4. Results and discussion 
5.4.1. Switching mechanism 
The NPs with an Ag/AM molar ratio of 0.25/1, which had the smallest 
average diameters and highest volume ratios among the tested Ag-Ag2S samples 
were then drop-casted on the electrodes using heating, which was provided by a 
hot plate at 50°C to evaporate the solvent. Similar to other filament-based 
switches, such as metal-oxide thin films1) and Ag NPs,2) a forming step was 
usually required to activate the NP assemblies and memristors. To perform the 
activation, repeated sweeping of forward and reversed bias only in the positive 
region were applied to the device, as shown in Figure 5.1(a). A nonlinear 
response and a gradual increase of the output current with a history of successive 
sweeps were obtained. At the initial sweep, some fluctuation of current was 
observed in the range of 0–4.5 V, thus indicating that the forming process 
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randomly occurred at various gap points among the NPs. Subsequently, the 
current started to increase and reached 10-5 A with a dropping resistance 
magnitude in the range of 3 to 100 kΩ which allowed the formation of some of 
the metallic bridges among the NPs. During the reverse bias of the first sweep, 
the output current exhibited hysteresis with the forwarding current. At the second 
sweep, the output current started to increase at an applied bias voltage of 
approximately 1 V, which is lower than that of the first sweep. This followed the 
path of the reverse sweep after the first sweep, and is indicative of typical 
memory of the device. Additional bias sweeps resulted in the gradual increase of 
the output current up to 10-4 A and to a resistance of 10 kΩ at 5 V with hysteresis, 
which justified the activation of the device.  
 
Figure 5.1 (a) Gradual increase of output current after multiple sweeps of input 
voltage that is indicative of the activation of metallic bridging formation. (b) 
Time traces of conductance as a result of the application of a constant DC 
voltage of 1 V to the system. Inset: stepwise conductance increases in the first 
50 s, thus indicating the metallic filament formation process responsible for the 
linking among the NPs. The fluctuation of the conductance observed at a 
certain period indicates the rearrangements of the filaments as illustrated in (c). 
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The formation and annihilation of metallic bridging between the particles 
resulted from adequate electric fields applied across the NPs. Based on these 
fields, the number of tunneling electrons were injected into the device and led to 
the reduction and oxidation (redox) process at the surface of the Ag2S layer of 
the NPs3). In this NPs-based device, however, gaps were created between the 
NPs in justification of the existence of the Ag2S layer and thiols that led to the 
multigap system. Once the bias voltage was applied to the system, Ag NPs were 
attached to the counter electrode and started to oxidize it. Ag+ ions migrated 
through the Ag2S layer at the outer shell of the NPs in all directions. Additional 
energy was applied and led to the breakage of thiols. Accordingly, Ag+ ions were 
reduced by the tunelling electrons injected from one of the electrodes. The entire 
redox process as well as filament formation among the NPs are indicated by the 
stepwise increase of the conductance following the application of a constant 
direct current (DC) voltage, as shown in Figure 5.1(b) and illustrated in Figure 
5.1(c). 
 
Figure 5.2 The output current in time domain from the NPs-based device with 
electrode gap of (a) 400 and (b) 600 nm 
 
Furthermore, DC constant voltage (1, 3 and 5 V) was also applied to the 
devices with electrode gap of 400 nm and 600 nm and the output current were 
recorded for 500 s. As depicted in Figure 5.2, device with 400 nm of electrode 
gap required 1 V for formation of conduction channel. The stepwise increase of 
output current with fluctuation was also observed during 1 V DC bias was 
applied, indicating the process to reach the stable conduction channel. Further 
(a) (b)
Device gap: 400 nm Device gap: 600 nm
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increase of DC bias resulted to the negative spikes, indicating deterioration the 
conduction channel owing to joule heating at some points of contact between 
nanoparticles. At wider electrode gap, the output current of 1 V input was very 
small while increasing to 3 V the output current suddenly become higher, 
indicating the proper voltage to form the conduction channel is in between 1-3 
V. 
Additionally, the maximum conductance is consistence with increasing the 
DC constant voltage. Previously, it was reported that the conductance of single 
atomic contact is 77.5 S4). In the NPs-based device, the conductance is 1S, 
owing to the fact that organic layer is in bonding with the nanoparticles increase 
the contact resistance.  
 
Figure 5.3 The time traces of output current as the triangle wave input with 
frequency of 0.1 Hz and (a) 3 V and (b) 5 V of maximum voltage was applied 
to the NPs-based device. 
 
Moreover, the switching behavior was also observed during applying the 
triangle wave with frequency of 0.1 Hz and various maximum voltage (3 and 5 
V). The increase of output current is observed with fluctuation, indicating the 
path alteration of conduction channel occurred in the NPs-based device. This 
f = 0.1 Hz f = 0.1 Hz
48 s
14 s
Bridging formation
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Fast transition
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result is consistence with the previous result of DC constant bias voltage that 
explain the switching mechanism of NPs-based device. By applying triangle 
wave, the formation of conduction channel was obtained depend on the 
maximum voltage applied. The higher voltage, the fast-switching device is 
obtained. 
 
5.4.2. Neuromorphic learning behavior 
Another essential characteristics of the biological brain is neuroplasticity5), 
manifested (among others) by memorization and learning processes, whereby 
the organization of the brain changed as a result of experience or training. The 
memorization process in the human brain starts from the instant external input 
signals are received. Signals are then transmitted through axons via the 
interconnecting synapses, and the synaptic potential thus increases. If the 
frequency of the firing increases, this will lead to a long-term memorization state. 
This process is manifested by increased synaptic responses, which are followed 
by the potentiating pulse of electrical stimuli, commonly referred to as long-term 
potentiation (LTP)6) as illustrated in Figure 5.4. The pulse bias was applied to 
the device to perform such measurements. The desired pulse input, including the 
pulse ratio (pulse width (tw)/pulse interval (ti)) and the pulse amplitude were 
controlled by the frequency, amplitude, duty cycle, and offset of the function 
generator. The effect of pulse ratio to the synaptic response was depicted in 5.5. 
At first, amplitudes of 1 V with respective a pulse width and an interval of 8 
s and 2 s (pulse ratio of four), were set and applied to the device. The output 
current of the device with thiol-protected Ag NPs exhibited a gradual increase 
up to 80 s. At that time, the current decreased slightly and its value was 
maintained over the next 10 s period. As depicted in Figure 5.6(a), the minor 
current drop occurred several times, while the general tendency was increasing. 
This increasing tendency was attributed to the breakage of the metallic filaments 
owing to Joule heating at some of the connection points among particles. As 
additional pulses were applied, the output current tended to increase gradually 
until a maximum current intensity of 1.0 A was reached. This suggests that the 
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metallic filaments which connected the particles were rearranged after the 
breakage. Herein, the maximum conductance was lower compared to the single 
atomic contact of 77.5 S4) owing to the thiols at the outer shell that increased 
the contact resistance between particles. The process of metallic bridging 
formation, including the rearrangement of the filament based on the application 
of the input pulses, emulated the strengthening of synapse in the biological brain. 
 
Figure 5.4 Illustration of pre and post synapse interaction from normal to 
potentiation and depression 
 
Moreover, the annihilation of metallic bridging that indicated the depression 
of synapses was also obtained by the maintenance of the input pulse based on 
the widening of the pulse interval to 1 s and the narrowing of the pulse width to 
0.25 s (pulse ratio of 0.25) at a constant amplitude of 1 V, as shown in Figure 
5.6(b). At the end of the first five pulses, the conductance was still at its 
maximum value, and indicated the existence of metallic filaments between the 
particles. Subsequently, as more pulses were applied, the current decreased 
gradually to approximately 0.1 nA at 25 s. The decrease of the conductance 
indicates the annihilation of the metallic bridging that mimics the depression of 
the synaptic strength. 
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Figure 5.5 Evolution of output current under pulse ratio of (a) 0.5, (b) 1, (c) 2 
and (d) 4 of input bias. 
 
Figure 5.6 (a) Periodic input pulses with a pulse ratio of four were applied to 
the device. Gradual increases of the output current are evoked until a 
conductance value of 0.8 mS is attained. This conductance value is indicates 
the occurrence of the potentiation of synaptic activity in the human brain. (b) 
The emulation of the depression of synaptic activity was also achieved 
following the application of periodic input pulses with a pulse ratio of 0.25. 
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The key mechanism behind potentiation and depression of the NP-based 
neuromorphic device lies on maintaining the interfacial energy between Ag 
nanoparticles and surrounding materials. Applying bias voltage into the system 
facilitate redox reaction and increase the interfacial energy between Ag and Ag2S 
so that the conduction channel formation process is induced, as demonstrated 
before by applying relatively high DC constant bias to the device. On the 
contrary, removing the bias causing the spontaneous relaxation dynamics that 
owing to minimizing the interfacial energy between Ag and Ag2S. Although the 
spontaneous relaxation of Ag nanocluster in oxide material is about a few tens 
of milisecond7), different material involved such as Ag2S and organics may affect 
the relaxation time of Ag nanoclusters. Here, during the depression process, 
shorter time of electrons injected to the device cannot maintain the conduction 
channel formation, leading to rupturing owing to dominant of relaxation time. 
The longer the bias is applied/removed, the more active/relax of Ag nanocluster. 
Thus, combining constant high voltage and low voltage with controlling the time 
of electron injection as well as interval may lead to the competition between 
formation and anihilation of conduction channel between NPs. Previously, it was 
reported that the potentiation of Ag-Ag2S based-neuromorphic device was 
controlled by maintaining the polarity of pulses8), which is inconvenient for 
practical in industry. Here, by utilizing the aggregation of Ag-Ag2S nanoparticles, 
the state of interfacial energy was successfully controlled by maintaining the 
ratio of pulse width and interval of input bias without changing the polarity. This 
was justified by the fact that the potentiation occurred following the application 
of a pulse with a width which was four times longer than the pulse interval to the 
device. Accordingly, the bridging formation was dominant compared to the 
relaxation, and led to the gradual increase of the number of metallic connections 
between NPs, and to the increase of the conductance. These findings justify the 
potentiation effect. By contrast, the shorter pulse width with the longer interval 
facilitated the dominance of the relaxation time and caused a gradual drop of 
conductance that mimicked the depression of synapses in the brain. 
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Additionally, this result also indicates the important role of Ag2S layer at the 
outer layer of Ag nanoparticles. Previously, it was reported that Ag nanoparticles 
film showed multistate resistive switching behavior2) by applying square wave. 
However, in our system, such behavior is not observed owing to the existence of 
Ag2S layer that acts as mixed ionic and electronic conducting material. 
Regardless to its thickness, Ag2S has important role in enabling neuromorphic 
behavior in nanoparticles system. 
 
5.5 Conclusions 
The electrical properties of Ag-Ag2S NPs showed non-linearity and having 
memristive behavior. The activation are required by applying forward and 
reverse bias repeatedly. By applying 0-5 V, the output current is increase as 
increasing the number of sweeps. More importantly, the switching mechanism 
was investigated. In term of formation of conduction channel between 
nanoparticles, fluctuation as well as stepwise increase of output current was 
observed, indicating the stable condition of metallic bridging was reached after 
several path alteration. The maximum conductance in NPs-based device was 1 
S, which is lower than single atomic contact, owing to organic layer that acts 
as separator that contribute to the point contact resistance between nanoparticles. 
Additionally, we successfully demonstrate the synaptic-like potentiation and 
depression by applying square wave input with controlling the pulse ratio in 
positive polarity, which is favorable in industrial application. 
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CHAPTER 6 
Recurrent neural network properties of aggregation of Ag-Ag2S 
core-shell nanoparticles and its application as reservoir 
computing 
 
6.1. Abstract 
Reservoir computing (RC) is gaining attention in several signal processing 
domains, owing to its non-linear stateful computation, spatiotemporal and 
reduced training complexity over recurrent neural networks (RNNs). To achieve 
the NPs-based RC device, the recurrent neural and echo state properties are 
required. Here, we report the recurrent properties as well as the demonstration of 
RC by training the output weight of superposition of voltage outputs with 
multiple desired waveform such as cosine, sawtooth, triangle and square wave. 
 
6.2. Introduction 
Neuronal electrical activity in human brain may be measured at many scales, 
from individual ion channels1) to the largest scale measurement of 
electroencephalographic (EEG) potentials entirely outside the head2). Synaptic 
current produces a change in the local electric field, and it is believed that large 
scale field potentials primarily the aggregate synaptic activity from large 
neuronal populations3,4). Interaction properties between synapses, when 
averaged across the entire ensemble, may be described by following function: 
𝐺(𝜏) = ∫𝑉(𝑡 + 𝜏)𝑉(𝑡)𝑑𝑡       (6.1) 
The Fourier transform of 𝐺(𝜏) is the power spectral density (PSD), which have 
interpretable implications for the interaction properties between neuronal 
populations. 
In device level, such individual ion channel and synaptic activities can be 
found in memritors based networks device i.e nanocluster5) and nanowires6). 
Similarly, to obtain the information about interaction of synaptic memristors unit 
among NPs in the device level, PSD, which is Fourier transform of the output 
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current as a function of DC constant voltage, is used. In this chapter, we report  
our study of the recurrent properties NPs-based device and their power-law 
scaling dependencies to the number of NPs as well as the DC voltage. Finally, 
we evaluate requirements to develop RC device and demonstrate output weight 
training by linear regression.  
 
6.3. Experimental procedure 
6.3.1. Recurrent neural network 
The as-synthesized Ag-Ag2S core-shell NPs were drop-casted onto 4-
electrodes system of device. The self-assembled measurement setup was 
explained in section 2.6.1.5. The devices with various electrode-gap were then 
applied by DC constant bias and the time-domain output current were recorded 
by LabView program installed inside the computer. Then, fast-fourier transform 
analysis was applied to the time-domain output current, resulting the PSD, which 
serve the information of interaction between memristor unit in the device.  
6.3.2. Reservoir computing 
To enable the RC measurement, a bipolar sinusoidal wave generated from 
function generation with 5 Vpp and 10 Hz of frequency were applied to one 
electrode so that it crossed to drop-casted NPs on the center of 4-electrodes and 
8-electrodes system. The output voltage coming out from other electrodes were 
recorded by LabView program inside computer simultaneously. Then, linear 
regression described in equation 6.1 was taken to the output voltage and output 
weight (wi) was trained so that it matched to target waveform (r) as illustrated in 
Figure 6.1. The accuracy of linear regression to the target waveform was 
calculated by mean-squared error (MSE). 
 
Figure 6.1 Illustration of reservoir computing using nanoparticles-based device 
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6.4. Results and discussion 
6.4.1. Recurrent neural network properties 
Having characterized atomic switch operation in an interconnected complex 
network, we examined the device for emergent behaviors specific to its brain-
like recurrent structure. Structurally, the atomic switch network is recurrent in 
the sense that there exist pathways such that electrical signals produced at one 
junction may lead to (delayed) feedback at the same junction. Here we present 
experimental evidence of spatially distributed and correlated network dynamics, 
which are attributed to such recurrent connectivity. These recurrent dynamics are 
presented as an emergent property of the atomic switch network. 
 
Figure 6.2 Fourier transforms of DC bias response for Ag-Ag2S NPs-based 
device. The power spectrum of the functionalized network displays 1/f power 
law scaling ( > 0.5) 
 
Applying a constant 1, 3 and 5 DC bias (figure 6.2) produced persistent and 
fluctuation in the network conductivity. By applying the DC voltage, the power 
law scaling increase, indicating functionalized network. As the DC voltage 
increase, the slope increase. Compared to nanowires of Ag-Ag2S reported 
0 V
3 V 5 V
Slope = 0
Slope = -2.34
Slope = -2.34
Slope = -2
1 V
Power-law form
Slope
86 
 
previously6), which is having -1.38 of slope at 1 DC voltage, the magnitude of 
power law scaling of NPs-based device is higher, indicating the NPs-based 
device is more dynamics than that of Ag-Ag2S nanowires. Similar tendency was 
also observed at increase of number of NPs as the gap between electrodes is 
increase.  
 
Figure 6.3 Time-trace of output current and PSD profile as response of DC 
voltage (0, 1, 3, and 5 V) applied to NPs-based device synthesized by Ag/AM 
molar ratio of 1/1 with gap size of (a)-(b) 200 nm, (c)-(d) 400 nm and (e)-(f) 
600 nm.  
Gap size: 600 nm
Gap size: 400 nm
Gap size: 300 nm
(a) (b)
(c) (d)
(e) (f)
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Additionally, spiking-like output current was observed while NPs 
synthesized with higher Ag/AM molar ratio of 1/1 is utilized. As mentioned in 
chapter 4, the higher Ag/AM molar ratio, the lower volume ratio of Ag2S to NPs, 
the faster time of competition between formation and annihilation of conduction 
channel between NPs leading to spiking-like output current as depicted in Figure 
6.3. Such spikes generation is in agreement with single walled carbon nanotube 
(SWNT) complexed with polyoxometalate (POM)7). 
 
6.4.2. Reservoir computing 
The Ag-Ag2S core-shell nanoparticles were then used to perform reservoir 
computing as hidden layer as illustrated in Figure 6.1. A bipolar sinusoidal input 
bias with 1 V amplitude and 10 Hz of frequency was fed to one electrode and the 
output voltage was recorded simultaneously using LabView program. As 
mentioned in chapter 1, to achieve reservoir computing there are, at least, three 
requirements such as nonlinearity, fading memory (echo state network) and high 
dimensionality are need to be fulfilled. The first requirement, nonlinearity, was 
previously proved in chapter 1 and 2 that Ag-Ag2S NPs-based device showing 
memristive behavior, which current-voltage relationship is nonlinear. However, 
the frequency domain of output current as sinusoidal input bias applied to device 
could provide another proof of nonlinearity by obtaining higher harmonic 
generation (HHG) as shown in Figure 6.4(a). It clearly shown that the output bias 
is consist of multiplied frequencies of input bias, which can be interpreted using 
the following equations: 
𝑥(𝑡) = 𝐴 sin(𝜔𝑡)        (6.2) 
𝑦(𝑡) = ∑ 𝑎 sin(𝜔 𝑡 − 𝛿 ) =0        (6.3) 
where A, are the input amplitude and frequency and ai, i, i are the output 
amplitudes, frequencies, and phase delays, respectively. 
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Figure 6.4 (a) Higher harmonic generation as a response of input bias. (b) 
Echo state properties of one readout channels generated by aggregation of Ag-
Ag2S NPs. 
 
Another important requirement is echo state properties, which showing 
delays between input and output owing to the fading memory properties. As 
depicted in Figure 6.4(b), the output clearly exhibit delayed output that is in 
agreement with echo state properties described by following equation, 
𝐗(𝑡) = 𝒇 (𝑊 𝑛𝑼(𝑡) + 𝑊𝑿(𝑡 − 1))      (6.4) 
which X(t) represents the reservoir state, U(t) is input signal, Win and W are 
constant input and reservoir weight, respectively. This indicates the possibility 
of using the ensemble of Ag-Ag2S core-shell nanoparticles as reservoir layer. It 
should be noted that, all readout layer in NPs-based device showing HHG and 
echo state properties regardless to the device gap and number of output layer. 
Then, the output voltage from three other electrodes recorded simultaneously 
using LabView program were used to construct multiple waveform through 
superposition of voltage outputs in computation. The generated waveform rj (j = 
1, 2, 3) was then a weighted sum of the voltage outputs from the electrodes with 
the weights 𝑊𝑗
  calculated by linear regression, 
𝑟𝑗 = ∑ 𝑊𝑗
 𝑉 
𝑛
 =1 ,     𝑗 = 1, 2, 3       (6.5) 
where Vj are the output electrode voltages. Reservoir performance was assessed 
by the quality of waveform generation and compared across aggregation of 
2nd
3rd(a) (b)
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nanoparticles with different parameters by calculating the mean square error 
MSE, which quantifies the differences between the target and the generated 
waveforms, 
𝑀𝑆𝐸 =
∑ (𝑦𝑡𝑎𝑟𝑔𝑒𝑡(𝑡𝑚)−∑ 𝑊
𝑖𝑉𝑖(𝑡𝑚)
𝑛
𝑖=1 )
2𝑃
𝑚=1
𝑃
      (6.6) 
where ytarget is the target waveform, Wi represents the weight coefficients to be 
trained with maximum number of outputs (in this case 3 outputs) at discrete time 
indices (tm) over a total length (P) from m = 1 to 1700. The result of waveform 
produced by linear regression were depicted in Figure 6.5 and the quantification 
of error between target and generated waveform is shown in Figure 6.6. The 
smallest error was obtained while outputs were used to construct triangle 
waveform, while the largest error among the waveform is square wave, which 
frequency is twice higher than the input.  
 
Figure 6.5 The above figure shows several waveform (cosine, sawtooth, square, 
and triangle) with 10 Hz frequency of target waveform produced using Ag-
Ag2S nanoparticles as a computational device using setup in Figure 6.1. Each 
plot contains the desired signal (red) and the computed signal (blue). 
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Moreover, effect of increase the number of readout channels to the output 
signal generation in output layer was also investigated. Here, we increase the 
number of readout from 3 to 7 channels. The readouts were then supervised by 
several target waveform as mentioned before. Figure 6.6 clearly shown that 
increase the number of readout channel may decrease the error and increase the 
accuracy owing to the availability of higher number of non-linear readout 
channels that provides detailed data for linear regression. Although some wave 
showed lower accuracy (< 80%) such as sawtooth wave, other result showing 
higher accuracy than that of nanowires-based reservoir with 64 readout channels 
reported previously8).  
 
Figure 6.6 (a) Fitting the higher readouts (7 channels) to several target 
waveform. The accuracy show higher than that of 3 readout channels. (b) 
Comparison of mean-squared error (MSE) between 3 and 7 readout channels. 
 
Furthermore, since all readout channels showed higher harmonic generation, 
there will be some possibilities to construct wave with higher frequency than that 
of input. Here, we investigated the ability of NPs-based reservoir with 3 and 7 
readout channels to construct waveform with higher frequency than that of input. 
As depicted in Figure 6.7(a) – (b), the higher frequency of target waveform was 
successfully constructed with lower accuracy than that of 10 Hz (< 70% 
accurate). However, high number of readout channels provided relatively higher 
accuracy to construct the target waveform. Although, this indicates that higher 
(a) (b)
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number of readout channels could be advantageous for reservoir computing, to 
obtain the highest accuracy or lowest MSE value (see Figure 6.8) of some certain 
target waveform, optimum number of readout channels are required. 
 
 
Figure 6.7 Linear regression of several target waveform (cosine, sawtooth, 
square, and triangle wave) with various frequency (10, 20, and 30 Hz) 
constructed from non-linear (a) 3 readout channels and (b) 7 readout channels.  
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Figure 6.8 Comparison of accuracy and MSE for constructing waveform at 
higher harmonics with (a), (c) 3 readout channels and (b), (d) 7 readout 
channels, respectively. 
6.5. Conclusions 
The NPs-based device is functionalized by applying the DC voltage. The 
increase of DC voltage may increase the power law scaling, indicating the 
synapse-like dynamics or recurrent properties of the device. Additionally, the 
power law scaling of NP-based device higher than that of nanowires-based 
device, indicating NP-based device is more dynamic and independent of device 
gap size. We also successfully demonstrated wave generation using NP as 
reservoir and output weight training to construct various waveform in various 
frequency with higher accuracy than that of nanowires-based reservoir. Higher 
number of readout channels is advantageous in reservoir showing higher 
accuracy of wave regression. However, optimum readout channels are required 
to construct certain waveform.  
(a) (b)
(c) (d)
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CHAPTER 7 
Conclusions and Suggestions  
 
In conclusion, Ag-Ag2S core-shell nanoparticles were successfully 
synthesized via wet chemical reaction. The roles of precursor such as molar ratio 
to control the particle size was also been investigated. In this study, two-phase 
Brust-Schiffrin method with control of Ag/AM molar ratio are favorable owing 
to the lower electrical properties of NPs than that of wet chemical sulfidation. 
Although the average size of NPs synthesized by wet chemical sulfidation is 
smaller than that of Brust-Schiffrin, the NPs-based device required higher energy 
than that of NPs synthesized by Brust-Schiffrin procedure, owing to the 
thickness of organic layer surrounding the Ag-Ag2S NPs.  
Furthermore, the average particle size is increase as increasing the Ag/AM 
molar ratio in Brust-Schiffrin method. Although the average particle size is 
increase, however, the thickness of Ag2S layer at the outer layer is remain same. 
The thickest Ag2S layer was obtained in lowest Ag/AM molar ratio (0.25/1) as 
indicated by highest peak intensity of Ag2S among tested samples by XRD. Even 
though Ag-S bonding were observed in all tested samples, only NP synthesized 
by lowest Ag/AM molar ratio (0.25/1) showed clear peak of Ag2S in XRD, 
indicating considerably thicker Ag2S layer. The thickness was then estimated by 
volume-ratio to peak intensities of XRD.  
Additionally, switching mechanism of NPs-based device was then taken into 
investigation. It was resulted that the conduction channel was formed between 
NPs, as indicated from time-trace current as DC voltage is applied that showing 
stepwise increase. As time increases, the formation of conduction channel reach 
the maximum conductance, about 1 S, and stable, indicating complete 
formation of metallic bridge. We also successfully demonstrated the 
neuromorphic learning behavior by feeding square wave pulses with control of 
pulse width and interval simultaneously. Higher pulse ratio, 4, led to synaptic-
like potentiation and lower pulse ratio, 0.25, led to synaptic-like depression 
95 
 
owing to the control of surface potential and relaxation. We also found that, Ag2S 
plays an important role for enabling such neuromorphic behavior. 
Finally, we successfully demonstrate RC using NPs-based device as hidden 
layer. Since the aggregation of NPs showed recurrent properties and fulfilled the 
requirement of reservoir layer such as nonlinearity with higher harmonic 
generation and echo state properties, NP is suitable for use as reservoir. The 
output weight is trained so that various target waveform with various frequency 
can be constructed using the superposition of output voltage. One should be 
noted that only waveform with higher harmonic frequency could be generated 
by NP-base RC and the accuracy can be increased by increasing the number of 
readout channels. 
Although the aggregation of NPs is successfully showed reservoir task such 
as waveform generation with the absent of noise incorporated input signal, 
however, one another requirement namely separation property is required to be 
investigated before demonstrating any temporal time series prediction tasks such 
as speech recognition or any prediction task.  
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